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ABSTRACT 


A  field  survey  of  engine  and  pump  suinufacturers  litduated  that  there  la 
a  potential  problem  whenever  Jet  fuels  are  the  only  source  of  lubrication  In  puiaps 
or  controls.  Problems  encountered  Included  wear,  scuffing,  sticking,  seizure,  and 
fatigue  pitting.  A  literature  survey  confirmed  that  the  prcb'aiD  existed  but  failed 
to  pinpoint  the  causes. 

The  friction  and  wear  performance  of  ten  commercial  fuels,  chosen  to 
represent  a  broad  range  of  physical  and  chemical  properties,  differed  markedly. 
These  fuels  were  Inspected  for  viscosity,  volatility,  hydrocarbon  type,  and  trace 
constituents.  The  strongest  factor  affecting  lubricity  appeared  to  be  the  nature 
of  trace  polar  components  In  the  fuel.  The  exact  components  responsible  have  not 
yet  been  d'»<'  ..mined. 

The  occurrence  of  sticking  In  the  fuel  control  valve  of  operational  jet 
engines  led  to  the  examination  of  a  number  of  coonercial  JP>4's  from  different 
sources.  There  was  a  good  correlation  between  field  performance  of  the  fuels  and 
their  performance  in  the  laboratory  tests.  It  was  found  that  as  little  as  15  ppm 
of  corrosion  Inhibitors  significantly  improved  the  lubricity  In  laboratory  teats 
of  those  fuels  that  lacked  lubricating  properties  of  their  own.  Other  lubricity 
additives  were  even  more  effective. 
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sacTioii  I. 
UTtOPOCTiai 


Tha  ipal  of  this  vcrk  is  Co  dollnooce  cba  fu«l  variables  chat  aay  efface 
frlctloa,  waar,  aiad  salxura  of  fMMips  and  othar  aqulpaanc  usln«  Jat  fual  as  the 
oaly  fluid. 


field  and  litaratura  eurvaya  have  ahowa  that  lou  viscosity,  highly  ro- 
fiaad  fuels  have  had  liAnrlcacioo  probleas,  especially  at  higher  cers^cratures. 

These  sways  are  reported  in  Section  III.  The  cause  of  these  pr<>blciis  has  not 
bean  pinpointed,  alaest  every  variable  having  been  clained  to  be  an  initial  £ac> 
tor;  viscosity,  volatility,  dissolved  oigrgen,  dissolved  water,  sulfur  coepotAds, 
nitrogen  conpounda,  acid  ccepounds,  aroeacics,  and  olefins.  Data  arc  being  ob¬ 
tained  on  all  of  these  varlablcB  In  this  work. 

Test  devices  used  in  this  work  are:  (1)  a  ball-on-cyllnder  device, 

(2)  four-ball  waar  and  Ef  testers,  (3)  a  V.  kers  vane  puv>j>,  (4)  a  Falex  tester, 
and  (S)  a  tyder  gear  nechioc.  These  devices  are  described  and  cosqtaied  In 
Section  IV. 

Ten  cansKrcial  fuels,  covering  a  wide  range  of  fuel  types,  were  obtained, 
chenically  analysed,  and  tested  in  Che  devices  listed  above,  in  order  to  relate 
conposition  to  wear,  scuff,  and  friction  perfomencc.  These  results  are  given  In 
Section  V-A. 

The  effects  at  low  concentration  of  a  nunber  of  fuel  corrosion  inhibi¬ 
tors,  If  additives,  estracted  polar  fuel  coaa>ooents,  snd  various  species  of  nitrogen 
and  sulfur-containing  conpounds  on  Che  behavior  of  selected  base  stocks  in  the 
veer  and  scuff  tests  were  Investigated  In  order  to  dctensinc  what  types  of  con- 
-ound  decrease  wear  and  scuffing.  These  results,  given  In  Section  V-B  and  V-C 
will  be  used  as  the  basis  for  irtber  experlnentt  alaed  at  elucidating  the  nerhs- 
ttlsa  by  which  tone  conpovadt  enhance  boundary  lubrication. 

Included  in  Section  V-B  is  a  description  of  an  investigation  of  the  ef¬ 
fects  of  temperature  change  on  veer  in  the  four-ball  wachlTi-,  slswd  at  separating 
the  effect  of  viscosity  change  frow  other  effects  of  tes^iersture  change. 

After  the  start  of  the  progran,  a  I'jbr Icity-related  sticking  probloa 
srose  la  the  field  with  JP-A  Is  t  particular  Jet-engine  fuel-control  valve,  so  a 
number  of  J7-A  saagmlcs  were  obtained  and  tested.  The  effect  cf  jr-4  corrosion 
Inhibitors  on  the  lubricity  ''f  these  fuels  was  irrvestl^ced ,  since  the  discon¬ 
tinued  use  of  these  additives  appeared  to  have  triggered  the  cot;trol  valve  prob¬ 
lem.  This  work  ts  described  In  Section  V-D. 

A  susensry  of  the  stork  to  date,  with  cooclustoas  and  an  outline  of  future 
work,  are  given  in  Sections  VI  and  VII,  reapectlvely . 
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s&moM  II 

DEFIWITIOKS 


The  term<.nology  used  In  friction  and  wear  phenomena  is  often  confusing. 
For  this  contrar*-,  the  following  definitions  will  be  ^.sed' 

Hydrodynamic  Lubrication  -  lubricatioti  when  the  surfaces  never  touch  but  are  always 
separated  by  a  fluid  film.  The  ability  of  a  fluid  to  maintain  a  full  film  is  <i 
function  only  of  its  viscosity.  (This  may  not  be  true  for  Viscoelastic  liquids, 
but  will  certainly  hold  for  the  fuels  being  studied  here.) 

Boundary  Lubrication  -  lubrication  when  the  surfaces  sometime?  uc  always  touch 
each  ocher.  This  includei  both  the  "mixed-fiun"  regime,  where  soTie  hydrodynamic 
lubrication  still  exists,  and  the  “complete  boundary  I'lCrics tion"  regime,  where 
viscosity  effects  are  negligible. 

Viscosity  -  will  always  be  in  terms  of  absolute  viscosity  (centiooi ses )  and  not 
kinematic  viscosity  (centlscokes) .  This  distinction  is  important  only  when  dealing 
with  liquids  of  widely  different  denslcies.  It  should  not  be  particularly  impor¬ 
tant  in  this  work  because  most  of  the  hydrocarbons  of  interest  ati  of  the  same 
density  range. 

Lubricity  -  the  non-viscosity  part  of  lubrication.  Lubricity  is  a  much  abused 
term.  In  its  narrow  dictionary  sense  it  means  “a  property  that  lessens  friction." 
For  this  contract,  however,  the  defini..ior.  will  be  broadened  to  include  friction, 
wear  or  scuffing.  If  two  liquids  have  the  same  viscosity  but  one  gives  lower  wear, 
or  lower  friction,  or  a  low-,  tendency  to  senfi,  it  will  be  considered  to  hrve  bet¬ 
ter  lubricity.  In  general,  the  word  will  be  used  sparingly,  and  usually  only  to 
denote  better  performance  that  cannot  be  ascribed  to  viscosity.  For  example: 

"Fuel  A  gave  lower  wear,  but  it  was  not  clear  whether  this  was  a  result  of  its 
higher  viscosity  or  its  better  lubricity."  The  lubricity  of  a  liquid  will  depend 
also  on  the  metallurgy  and  topography  of  the  surface.  Two  liquids  may  have  dif¬ 
ferent  I'-tbrlcfy  steel,  hut  the  same  lubricity  on  gold. 

Rubbing  Wear  -  wear  that  occurs  under  non-scuffing  conditions.  ilIS  is  the  kind  -f 
wear  ihat  requires  pencils  and  knives  to  be  resharpened,  wears  out  shoes  and 

courthouse  SisDS,  and  is  the  kind  u.sually  tVserved  in  a  four-ball  vear  test  under 
light-load  conditions.  This  sometimes  called  "aorasive  wear'  but  this  assumes 
?  mechanisit  that  is  not  univ.csal'c  sr'-tpted.  Other  names  have  been  "simple"  wear, 
■’nortaa."  wear,  and  non- sc  ul  f  ing  we.-. 

St  uf f ing  -  a  severe  regime  of  lubrication  marked  by  higher  wear  and  friction.  This 
regime  is  entirely  different  • o«  the  "rubbing-wea-"  or  ”iaw-load'  regiiM.  Transi- 
t ' on  from  one  regime  to  the  other  is  sudden  and  sometimes  catastrophic.  In  the 
four  ''all  appara.us,  a  slight  increase  in  load  or  speed  can  cause  the  wear  scar  to 
increase  revcral-fold  sudder'.v  with  a  corresponding  increase  in  frictiem  In  the 
Falex,  Alme.r,  ’"‘•sken.  and  SAI  chine*,  scu.ifng  reaults  in  s-irur?  and  failure  of 
the  parts.  These  tests  measure  the  scuf  f  ing- load ,  that  is,  the  io-sc  -*  which  1  u- 
bricail.-m  changes  from  "rubbitig-weai  "  to  scuffing  In  gears,  scuffing  nmy  occur 
without  tatastrophlc  lailure  because  the  gear  "eeth  leave  the  rone  -i  emtatt  be¬ 
fore  extensive  damage  can  be  done. 
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Xr  i.s  Impotrtant  to  dlffer«atlsc«  betvjen  scuffing  wear  and  ;:ubblng 
w«ar  3n  mny  uppllcctluus  the  laportant  property  is  to  prevent  scuffing  at  ell 
costn.  A  lubricant  that  givea  very  lew  wear  under  rubbing-wear  conditions  may  not 
be  at  ^'1  efiectiw  in  prevenciug  the  onset  of  scuffing.  In  other  applications,  a 
good  B.f .  Inbrlc.int  (pxevents  scuffing)  may  not  be  at  all  satisfactory  because  it 
gives  high  veer  in  the  low-load  regime. 


Abrasii/-'  ijytr  -  wear  caused  by  hard  particles  sus^  jnded  in  the  fluid,  or  enfeedded 
in  one  of  the  wearing  su^facaa. 


SECTIOM  III 

FTKLD  AMD  UTERAIURE  SURVIYS 


1.  FTELD  SURVKY  OF  PUMP  MAHUFACTURZaS 

In  order  to  take  advantage  of  the  existing  knowledge,  a  nuober  of  puap 
manufacturers  and  engine  builders  were  visited.  A  auMsary  of  the  Infornation 
gained  is  given  in  the  following  paragraphs.  As  a  general  conclusion,  it  can  be 
stated  that  relatively  little  is  known  about  the  effect  of  fuel  variables  on  puap 
failures  except  In  the  oost  general  terms. 

a.  General 

In  today's  jet  engines  the  main  fuel  pumps  are  generally  gear  pumps 
operating  at  800-1100  psi.  These  are  satisfactory  for  the  most  part  but  are  hav¬ 
ing  some  problems  at  higher  fuel  temperatures.  These  high  temperatures  are  a  re¬ 
sult  of  supersonic  operation  and  a  high  recycle  ratio  at  high  altitude  cruise. 

In  advanced  jet  engines,  the  fuel  is  also  being  used  as  the  hydraulic 
fluid  to  the  nozzle  control  surfaces.  Ordinary  hydraulic  oils  do  not  have  the 
thermal  stability  to  survive  in  a  closed  loop  system  at  the  high  temperatures  in¬ 
volved.  However,  it  is  possible  to  use  fuel  in  an  open  loop  system  that  feeds  to 
the  main  fuel  supply  to  the  burners. 

The  pump  operating  the  fuel  hydraulic  system  is  a  piston  pump  which  must 
operate  at  5100  rpm  and  3000  psi  with  a  fuel  inlet  temperature  of.  300  F.  Fuel 
temperatures  of  over  500 F  result. 

b.  Pump  Description  and  Problems 

(1)  Piston  Pumps  - 

The  advantages  of  the  piston  pump  are  higher  pressures  and  better  efficien¬ 
cies  than  either  s  vane  pump  or  gear  pianp.  It  also  can  be  designed  to  give  variable 
delivery  rates.  Disadvantages  are  complexity  and  high  cost.  The  sketch  on  page  5  chows 
the  configuration  of  a  piston  pump.  It  consists  of  a  number  of  pistons  (nine  is  s 
typical  number)  arranged  axially  around  a  center  of  rotation.  The  pistons  move  in 
cylinders  cas:  Integrally  in  a  single  block  that  rotates  with  the  pistons.  The 
pistons  are  attached  by  connecting  rods  to  a  drive  plate  and  the  main  drive  shaft, 
with  swivel  joints  (generally  ball-and-socket)  at  both  piston  end  and  drive  plate 
end.  The  drive  plate  is  set  at  an  angle  to  the  cylinder  block  and  this  angle  causes 
the  movement  of  the  piston  in  the  cylinder  bore.  The  greater  this  angle  the  higher 
the  pumping  delivr'Tr  rate. 

As  the  piston-cylinder  rotates  upward,  the  piston  is  pulled  out,  drawing 
in  fuel;  as  It  rotates  downward  it  pumps  out  fuel.  Ports  in  the  valve  plates 
direct  the  flow  from  inlet  to  outlet. 


PISTON  PUMP 


connecting 


The  piston  puap  can  be  taa<ile  as  a  variable  displacement  pump  by  aligning 
the  drive  shaft  and  the  piston  axis,  and  using  a  drive  plate  that  can  be  tilted  at 
any  desired  angle.  In  this  configuration  the  connecting  rod  is  attached  through  a 
swivel  Joint  to  a  shoe  which  rides  against  the  drive  plate. 

There  arc  several  poteutlal  we»r  areas  in  the  piston  pump: 

e  Piston  and  cyllnde'*  bore 

Scoring  and  seizure  ^f  the  piston  in  the  cylinder  has  been  observed. 
This  results  in  a  complete  destruction  of  the  pump,  with  ball  and  sockets  torn 
loose  and  connecting  rods  bent  and  broken.  The  clearance  between  the  piston  and 
cylinder  are  necessarily  small,  so  any  lubrication  failure  can  cause  sticking, 
cocking  of  the  piston,  and  seizure.  In  pumps  where  failure  has  not  yet  occurred, 
there  are  sosaetimcs  a  number  of  transverse  score  marks  indicating  partial  sticking 
and  cocking.  Wear  of  the  cylinder  bore  is  generally  greatest  at  the  center  of  the 
stroke  where  velocities  are  highest. 

a  Connecting  rod— drive  end. 

The  swivel  joint  here  undergoes  an  angular  movement  equal  to  the 
angle  of  displacement— as  much  as  30*.  Consequently,  there  is  wear  in  this  Joint 
which  shows  up  as  end  play,  a  looseness  of  the  entire  assembly.  Although  the  ball 
is  of  a  harder  metal  than  the  socket,  one  manufacturer  reported  the  wear  to  be 
mostly  on  the  ball.  They  attributed  this  to  abrasive  particles  embedded  in  the 
socket  that  acted  as  a  cutting  tool.  In  the  ultimate  case,  the  ball  can  pull 
loose  from  the  socket,  resulting  in  pump  destruction. 

a  Connecting  rod— piston  end. 

This  swivel  joint  undergoes  very  little  motion  and  as  a  result  can 
seize.  The  piston  then  tends  to  rock  in  the  cylinder  and  can  cause  further  trou¬ 
ble  there. 


«  ConnectlngTod  aho* 


In  the  variable  diaplaceaMmt  varalon  the  shoe  rubbing  egeinst  the 
drive  plate  can  wear  exceat^vely.  This  appears  to  be  rubbing  wear,  with  no  evi¬ 
dence  of  scoring  or  seisura^ 

e  Universal  link. 

Again  in  the  variable  dlcplacement  version,  there  is  a  universal 
link  between  the  drive  shaft  and  the  drive  plate.  This  is  subject  to  wear  and, 
if  operated  at  zero  angle  for  some  time,  to  sticking. 

e  Ball  bearing. 

The  ball  bearing  supporting  the  drive  shaft  is  subject  to  fatigue 

pitting. 


Wear  and  seizure  are  aggravated  by  higher  temperatures.  However,  mini¬ 
mum  clearances  in  the  piston  pump  are  obtained  at  low  remperature. 

(2)  Vane  Pump 

The  advantages  of  the  vane  pump  over  the  piston  pump  is  its  ability  to 
handle  fuel  containing  abrasive  solid  particles  such  as  rust.  Its  main  advantage 
over  the  gear  pump  is  its  relative  insensitivity  to  outlet  pressure. 


The  vane  pump  consists  of  a  rotor  located  eccentrically  in  a  ring.  The 
rotur  has  a  number  of  radial  slots  fitted  with  vanes  that  are  free  to  move  radially 
in  the  slots.  The  vanes  press  outward  against  the  ring  trapping  oil  between  them. 
Ports  lo'Sted  in  the  side  bushing  control  the  inlet  and  outlet  flow. 

Tbe  most  coimon  type  of  vane  pump  is  the  double  lobe  type  (See  Figure  4). 
In  this  type  the  loads  are  balanced  so  there  is  no  net  .oad  on  the  bearing. 

The  vanes  are  forced  against  the  ring  by  a  combination  of  centrifugal 
force  and  hydraulic  pressure.  In  some  designs,  the  outlet  pressure  is  bled  to  the 
back  of  the  vanes.  This  creates  a  sizable  unbalanced  pressure  at  the  inlet  side 
and  can  cause  wear.  For  high  pressure  -^umps,  this  pressure  unbalance  must  be  con¬ 
trolled,  One  design  provides  a  passage  between  the  outer  space  near  the  vane  and 
the  back  of  the  vane.  This  balances  the  pressure  between  the  two  ends  of  the  vane. 
In  another  design,  the  face  of  the  vane  is  made  concave  and  a  hole  through  the 
length  of  the  vane  connects  the  face  and  the  back  to  balance  the  pressure. 

Problems  with  the  vane  pump  seem  to  be  mostly  concerned  with  wear  of  the 
ring  and  the  vanes  again  r  the  ring,  although  there  is  occasional  scoring  of  the 
port  plate. 

(3)  Gear  Pumps 

Gear  pumps  have  the  a^^vantage  of  sla^licity  and  low  cost.  They  are 
usually  chosen  for  the  main  fuel  ^ump  on  Jet  engines,  delivering  relatively  large 
quantities  of  fuel  at  pressures  of  800-1100  pel. 

A  gear  pump  consists  of  two  intermeshing  gears  enclosed  in  a  housing. 

Fuel  enters  at  one  side,  is  trapped  between  the  teeth  and  the  housing,  and  exits 
at  ttie  other  side.  An  increase  in  outlet  pressure  causes  an  ncreased  load  on  the 
gear  teeth  and  also  on  the  shaft  bearings. 


7«llur«  ia  gMr  puaps  can  occur  <t  clthur  of  these  pieces.  Lack  of 
euiteble  litelcet’os  can  result  in  beerlag  selsure  (sudden  failure)  or  bearing 
wear,  vhieb  allows  the  gears  to  a»ve  relative  to  the  housing  and  thus  cut  into  the 
softer  sMtel  of  the  housing.  Scuffing  of  the  gear  teeth  is  also  relatively  com- 
•on.  The  gears  are  ease*hardened,  so  that  as  little  as  0.003"  vear  will  break 
throu^  the  case  and  then  cause  rapid  wear.  Tooth  scuffing  usually  shows  up  first 
as  a  loss  of  voluMtric  efficiency  et  cranking  speeds. 

There  is  very  little  evidence  of  fatigue  failure  on  gear  teeth  but  some 
erosion  has  been  noted  on  the  non-drive  side  of  the  gears. 

Wear  of  the  side  plate  can  also  occur.  If  the  plate  Is  bronze,  a  so- 
called  "gold-dust"  failure  takes  place. 

c.  P-jss)  Modifications  for  Fuel  Use 

It  was  generally  agreed  chat  wear  problems  Increase  when  pumping  lighter 
liquids.  Thus,  jet  fuels  are  more  troublesome  than  hydraulic  oils,  and  gasoline 
is  more  troublesome  than  Jet  fuel.  In  pumping  fuels  the  pump  wsnufacturer  has  a 
more  stringent  requirement  to  meet  then  with  oils.  Several  methods  have  been 
used  to  alleviate  the  problems. 

e  Herder  metals. 

In  all  pump  designs  wear  and  seizure  are  reduced  by  using  hard 
metals.  Tool  steel  against  tungsten  carbide  is  used  In  both  piston  pumps  and  vane 
pump;:  for  high  pressure  output.  These  metals  are  costly  and  hard  to  fabricate, 
but  are  generally  considered  essential  for  satisfactory  operation. 

e  Dissimilar  metals. 

One  pump  manufacturer,  particularly,  felt  that  wear  and  seizure 
were  reduced  by  ensuring  that  the  two  rubbing  "nrfaces  were  of  dissimilar  com- 
poaitlon.  This  was  considered  secondary  to  hardness,  however. 

e  Surface  finish. 

There  was  general  agreement  tnat  very  careful  attention  was  neces¬ 
sary  in  the  fabrication  of  parts.  One  manufacturer  had  carried  out  a  computer 
solution  for  the  hydrodynamic  film  thickness  on  the  gear  teeth  when  using  jet  fuel. 
This  turned  cut  to  be  5  microinches  indicating  the  necessity  of  a  superfinish  of 
I  microinch  roughness  if  a  hydrodynamic  film  is  to  be  maintained. 

e  Break-in. 


Satisfactory  performance  was  often  highly  dependent  on  a  suitable 
break-in.  The  breek-in  procedure  alto  depended  on  the  eventual  liquid  to  be 
pumped;  for  example,  a  break-in  on  JP-4  was  satisfactory  for  continued  use  on  JT-4, 
but  was  not  satisfactory  for  further  use  on  Avgas.  For  Avgas  use,  a  slow  break- In 
on  Avgas  was  required. 

One  manufacturer  said  that  with  their  gear  pumps  it  was  customary  to  lap 
in  the  housing  with  the  gears,  letting  the  pump  do  its  tern  surface  finishing. 


•  Surface  plating. 
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For  high  speed  operation,  a  thin  layer  of  silver  or  gold  can  be 
plated  on  the  rubbing  perta.  These  are  soft  and  prevent  aeisura.  Lead  or  lead- 
Indlum  flashing  la  also  uaed.  There  was  very  little  experience  with  solid  lubrl* 
cants  such  as  BX>lybdenua  disulfide  and  those  who  had  tried  It  were  lot  enthusiastic. 

d.  Experience  with  Different  Fuels 

There  Is  very  little  Information  available  on  the  effect  of  fuel  vari¬ 
ables  on  pump  wear  and  seizure.  A  suassery  of  some  of  the  pr'^blems  that  have  been 
encountered  In  the  field  Is  given  belcw. 

A  fuel  pump  wear  problem  was  encountered  many  years  ago  with  the  Lucsb 
piston  pump  on  the  Nene  engine.  It  was  found  that  the  problem  could  be  solved  by 
making  some  mechanical  changes  and  also  by  using  of  Grade  1100  a/laclon  oil  in 
Che  fuel. 


In  a  current  engine  test  development  program,  fuel  operating  tempera¬ 
tures  of  500F  are  encountered.  This  Is  above  the  thermal  stability  of  regular 
Jet  fuels  so  a  special  high-stabillty  fuel  is  used.  This  fuel  has  a  Iwer  vapor 
pressure,  is  owre  highly  refined,  and  has  a  lower  sulfur  content  than  regular 
fuel.  At  low  temperatures  (120F)  this  fuel  gave  satisfactory  operation  In  the 
pump  (a  Vickers  piston  pump),  but  when  operated  at  500F,  a  failure  resulted 
within  50  hours.  Using  3%  aviation  oil  was  not  a  satisfactory  solution  because 
the  fuel  would  then  no  longer  pass  the  thermal  stability  requirements. 

Using  the  Ryder  gear  test  as  a  screening  tool,  it  was  found  that  aary 
EP  'nd  antiwear  additives  would  give  satisfactory  wear  performance  but  only  three 
or  four  of  these  could  pass  the  thermal  stability  requirements.  Of  these  addi¬ 
tives  only  one  has  been  used  in  the  large  pump  in  the  engine.  This  is  used  at  a 
concentration  of  320  ppm  as  a  SOX  solution  in  toluene.  Understandably,  the  engine 
manufacturer  concerned  does  not  want  to  do  additive  testing  in  the  full-scale  en¬ 
gine  stand,  so  that  the  date  on  the  full-scale  pump  is  limited.  High-stability 
fuel  is  satisfactory  at  low  tenq>eraturcs,  is  unsatisfactory  at  high  temperatures 
when  run  without  additive,  but  is  satisfactory  at  high  temperatures  with  a  suit¬ 
able  additive.  There  is  no  information  whether  ordinary  jet  fuel  would  be  satil- 
.actorv  at  high  temperatures  because  it  has  not  been  run  under  these  conditions 
due  to  thermal  stability  limitations. 

In  order  to  screen  fuels  and  additives,  a  small  piston  puap  test  has 
been  developed  by  one  engine  ntsnufacturer .  This  test  utlliees  a  Vickers  PF-24- 
3906-25  pump,  which  is  not  only  much  smaller  but  also  differs  in  metallurgy  from 
the  full-scale  pump:  steel  pistons  In  a  bronze  barrel  instead  of  tool  steel  pis¬ 
tons  m  a  tungsten  carbide  barrel.  Fuel  is  pumped  frem  an  S-gallon  reservoir  at 
300F  at  19.5#/Bin  through  a  recycle  system  for  24  hours.  Wear  is  usually  ob¬ 
served  as  end  play  of  the  piston  assei^ly.  If  the  test  is  completed  without  fail¬ 
ure,  the  pump  parts  are  scrubbed  with  MEX  and  ere  used  for  the  next  test.  Ihis 
test  has  given  good  t^.relation  with  the  larger  piston  pump:  high-stabillty  fuel 
passes  at  120F  Inlet  but  falls  at  300r.  failures  were  obtained  at  nine  hours 
and  eleven  hours  in  two  tests.  Additives  give  satisfactory  performance  at  lOOF. 

An  aviation  kerosene  was  satisfactory  at  225f- 

This  same  engine  manufacturer  has  had  a  tlmHer  high  temperature  pump 
failure  problem  with  a  gear  pump  test.  Pumping  a  naphtha  of  306F  FBP  (0.03X  S, 
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12.4%  aroMCic,  2.7%  olafin),  an  ianodiata  fallura  «aa  obtalnad.  Vlch  a  amall 
awiMt  of  litelelty  additlva  auffictaac  to  glva  a  lydar  load  of  700#/lnch,  tha  pua^p 
failad  at  300  boura.  Hlth  aneugh  addlti'ra  to  glva  a  1100*1200#  lydar,  no  fallura 
vat  aOaarvad  in  500  hoort.  Tba  foal  In  tbit  taat  waa  changad  avary  100  hour a. 

•larlag  thia  cagorting  partod  infonaatloa  vaa  racalvad  itom  ona  of  tha 
jat  angina  nanufacturara  that  nalfunetionlng  of  a  fual*control  valva  waa  occurring 
in  tha  fiald.  Thia  trouhla  aaaand  to  hava  atartad  at  about  tha  tin*  that  cartaln 
changaa  had  baan  nada  la  tha  Jat  fual  at  tha  critical  location,  ona  of  tha  changes 
being  that  tha  corroalon  Inhibitor  had  baan  onlttad.  A  atudy  of  this  problaa  was 
■ada  wadar  thia  contract  and  tha  results  are  given  latar  In  this  report. 


! 
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2.  UTERAUM  SUKVEY 

As  »  part  of  this  contract,  a  search  has  baan  aada  of  the  literatura 
partalnlng  to  tha  lubricity  of  Jat  fuala.  This  search  has  covarad  three  cata* 
gorias  as  follovs: 

a  Wear  of  Jat>fual  pusipi. 

a  Lubricity  of  pure  hydroc* 'bona  and  noo>addltlva  fuels. 

a  Effect  of  trace  constltuancs  and  additives  In  jat  fuels. 

In  Baking  this  search,  the  following  sourcas  were  checked: 

a  Library  abstract  card  file  on  Jet  Fuels,  Lubricants,  Lubrication  and 
Punps  to  1963  and  API  Abstracts  1963  to  data. 

a  Englnaerlng  Index. 

a  U.S.  Research  and  Davalopittnc  reports. 

a  Technical  Abstracts  Bulletin. 

r  Search  by  Defense  DocusMntatlon  Center. 

a  Chesdcal  Abstracts. 

a.  Wear  of  Jet-Fuel  Punps 

Very  little  Inforaetlon  on  the  wear  perfomance  of  Jet  fuels  in  service 
was  covered  In  the  literature. 

Five  series  of  slaulated  flights  of  3500  alias  at  Mach  2-1/2  and  3  to 
Investigate  the  perfomance  of  three  current  quality  jet  fuels  (ASTM  Jet  A)  are 
reported  by  CRC(l).  Each  series  represented  35  to  100  cycles  (flights).  Bearing 
failure  of  the  fuselage  booster  pua^>  was  experienced  In  each  series  except  the 
fourth  and.  In  this  *  les,  the  pusip  was  replaced  at  the  start  because  of  InBlnent 
bearing  failure,  and  again  after  106  hours  for  loss  of  voluaecric  ‘fflclency. 

Erra  Ic  wear  of  fuel  puagts  was  found  in  four  Canadan  airline  operators 
of  Jet  aircraft  (2).  It  was  the  author's  conclusion  that  kerosene  gives  better 
wear  protection  tha'  JP-4  and  will  tolerate  sure  contaninatlon. 

b.  Lubricity  of  Hydrocarbons  &  Bon-Addltlve  Fuels 

The  effect  c‘  chenical  structure  has  been  studied  by  several  Investiga¬ 
tors.  Sakural  (3)  studied  benscne,  decalln,  heptane,  cetane  and  squalenc;  TaBal(4) 
studied  bcnaene,  cetane,  decalln  ar.>'^  dlcyc lohesylsse thane .  Both  concluded  there  wes 
little  friction-reducing  effect  of  any  of  the  hydrocarbons,  particularly  when 
coBpared  ro  aorc  polar  coagK>unds  such  as  esters.  Nagata,  at  al.  (5),  studying 
alkyl  benaenes,  reported  a  BinlauB  friction  and  nlnlauB  wear  when  the  tide  chain 
had  12-14  carbon  itoas.  Usually,  however,  higher  aolecular  weight  gave  lower 
friction  &  wear. 

’^sin  4  Rrexx  (6),  using  highly  purified  coa^ounds,  shotted  that  chewical 
structure  was  BOra  ii^rtant  than  viscosity.  Aroastic  cowpounds  gave  lower  fric¬ 
tion  and  wear  than  allpnatlcs,  with  unsaturates  intemediate.  Hwever ,  all  in¬ 
vestigators  agree  that  sbsII  aaounts  of  iapurltlcs  can  aatk  general  structure 
effects. 


The  effect  of  viscosity  on  lubrication  Is  well-known.  However,  there 
is  soaw  debate  about  the  it^>ortaoce  of  viscosity  in  low-viscosity  systeas  or 
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iA4«r  h««ivy  Furay  atid  Appaldoorn  (7)  raporcad  that  ■atallle  contact  and 

frictloa  in  a  aliding  ayatan  dacraasad  aaoothly  aa  the  vlacoalty  via  ralaad  fro* 

SI!  to  1000  ca.  A  aatfll  affoct  for  praaaura  vlacoalty  vaa  alao  ahovn.  The  affect 
for  vlacoalty  vaa  lean  In  the  loM>vlaeoalcy  range  of  Jac  fuala.  Klaua  at  al.  In  a 
a^laa  of  raporta  (S,  9),  concludad  chat  vlacoalty  la  Important  In  gaara  and  hy- 
ittaullc  pmnpa,  vliara  th«a  la  a  conaldarabla  hydrodynamic  component  In  the  opera* 
tlom.  They  alao  ehomad  a  bataaftclal  affect  for  vlacoalty  In  the  four*ball  machine, 
iMt  conelu^  that  It  vaa  a  dlffaranca  In  volatility  rather  than  vlacoalty  that 
accounted  for  the  affect.  Thla  conclualon  haa  been  challenged  by  Peln  (10)  and  by 
Aomada  (11). 

Tamparatura  generally  Incraaaaa  the  acverlty  of  operation,  but  doec  not 
almaya  Incraaaa  wear  and  friction.  Typical  behavior  la  that  reported  by  Uopklna 
and  8t.  John  (12):  ralalng  the  temperature  in  a  four-ball  teat  cauaea  a  audden 
Incraaaa  in  torque  **  obvloualy  the  tranaltlon  from  rubbing  wear  to  acufflng.  The 
effect  haa  bean  amply  confirmed  by  othera  (e.g.,  9,  13,  lA). 

The  cauae  of  the  temperature  effect  la  more  controveralal .  In  early  re- 
porta,  Klaua  at  al.  (9)  attributed  thla  to  a  dccreaae  In  vlacoalty,  and  concluded 
that  teata  on  a  low-vlacoalty  fluid  at  room  temperature  would  be  equivalent  to 
teata  on  a  hlgl;  vlacoalty  fluid  at  hl^er  tenperaturea,  provided  the  vlacoaltiea 
were  matched.  Later,  they  believed  that  volatility  dlfferencea  at  elevated  tea»- 
peraturea  were  more  Important.  Softening  of  the  metal  aurfacea  has  alao  been  sug- 
gaated  aa  a  poaslblllty,  but  this  has  not  yet  been  eatabllahed  aa  a  aa.lor  factor. 

On  the  other  hand,  temperature  can  also  cauae  an  Increase  In  oxidation, 
with  the  formation  of  polar  compounds  of  good  lubricity  (9). 

c .  Effect  of  Additives  and  Trace  Components 

The  importance  of  trace  amounts  of  polar  compounds  is  weli-kncmn.  Ex¬ 
cessive  refining  can  remove  these  compounds  (as,  for  exaaq>le.  In  medicinal  white 
oils)  to  give  a  liquid  that  la  no  longer  a  lubricant.  Little  haa  been  done  in 
Identifying  these  polar  isipurltiee,  htwever. 

Several  investigators  have  examined  the  effect  of  dissolved  oxygen. 

Feng  and  Chalk  (15)  reported  that  ic^^vlng  dissolved  oxygen  decreased  the  wear 
rate  with  SAE  1015  steel,  but  greatly  Increased  the  wear  rate  with  cest  iron. 

Klaus  and  Bleber  (A)  concluded  that  oxygen  In  concentrations  up  to  0.2  ppm  was  a 
good  antlwcar  agent  for  steel-on-steel,  but  their  data  aeke  this  appear  to  be  more 
of  a  temperature  effect.  At  higher  concentrations  of  dissolved  oxygen,  there  was 
a  decided  pro-weer  effect,  ho  effect  for  dissolved  oxygen  was  fou»id  it  the  lubri¬ 
cant  was  an  ester,  polyphenyl  ether,  or  chlorinated  biphenyl.  Rounds  (11)  has 
quastioned  the  validity  of  Klaus'  conclusion. 

Fein  and  Kreuc  (6)  reported  that  for  squalane,  dissolved  oxygen  in¬ 
creased  wear  but  prevented  tcixurc.  For  cyclohexane,  no  effect  was  noted;  for 
benzene,  oxygen  reduced  wear  but  did  not  prevent  scirure.  Some  change  in  the  wear 
product  fn»  FeO  to  Fe203  and  f«30^  was  found  aa  oxygen  lr.cceaacd.  The  signifi¬ 
cance  of  oxygen  haa  been  questioned  by  0«ena  et  al.  (16). 

Kichkln  et  el.  (13)  evaluated  several  additives  in  a  wide-cut  Jet  fuel 
of  Russian  origin.  Hctal  deactlvstor  had  llttir  affact,  but  a  combination  of  an¬ 
tioxidants  (substituted  phenol  and  phenylcnedlemlne)  at  O.ll  coocentrat ion  isr- 
proved  the  ioed-cerry log  ability,  however,  these  letter  ■•>  serlo»isly  affect 


thcraal  (tablllty,  based  on  thr-  adverse  effect  found  for  sulfur  coepounds  In 
general  (17). 


In  a  series  of  reports  (18),  Conboy  exatained  the  feasibility  of  lubrl« 
eating  Jet-engine  roller-bearings  with  Jet  fuel  containing  various  additives  at  11 
concentration.  In  a  test  rig  at  6S0-700P,  the  best  additives  were  found  to  be 
phosphates  and  phosphites,  of  which  trl-p-tolyl  phosphorothlonate  (MeO^i^  -  » 
was  preferred.  This  additive  was  evaluated  In  a  100-hour  test  at  500f  In  a  J-6S 
engine,  lubricating  the  center  and  rear  eeln  bearings.  Uear  and  corrosion  were  low 
but  carbon  deposit  was  heavy  In  the  cage  pockets. 

Ku  and  Lawler  (19)  evaluated  the  use  of  various  EP  additives  In  a  S2SF 
end-point  kerosene  as  lubricants  In  the  gyder  gear  test  and  WAOC  hlgfa-taeiperature 
bearing  test.  The  Ryder  tests  were  at  16SF  so  that  the  fuel  was  In  the  liquid 
phske,  but  in  the  WAOC  test,  the  bearings  were  at  600F  and  were  lubricated  by  a 
Jet  of  fuel  which  partially  vaporised.  In  both  tests,  additive  coisblnatlons  were 
found  that  gave  better  load-carrying  capacity  than  a  MIL-L-6068A  lubricant.  Zinc 
dialkyldlthlophospbatc  and  soae  proprietary  ashless  additives  were  the  SK>st 
effective. 

d.  Smeary 

Very  little  information  Is  available  in  the  literature  about  the  wear 
characteristics  of  fuels  in  actual  operation  of  Jet  engines.  The  low  viscosity, 
high  volatility  and  relative  purity  of  these  fuels  have  been  slngi*..^  out  as  major 
causes  for  poor  lubrication,  with  tenperature  aggravating  the  conditlob.  Additives 
look  prowlslog  as  a  way  to  attain  better  load-carrying  ability,  but  sosm  assy  lead 
to  heavier  deposits  sod  so  be  unsatisfactory. 


TCT  HETMOPS 


1*  DKiOiXfTIOi  or  TEST  MttatMDrrs 

Pros  cho  floM  aurvojr  it  oppoora  that  tba  voar  and  aaixure  problaaa  «>> 
eoMBtorod  ara  Idaoelcal  vith  all  ptap  typoa.  Tba  aaintanaaca  of  tha  daalrad  by* 
drodyaaslc  flla  ia  aot  poaalbla  bocauaa  of  tha  hlfh  loada  and  low  vlacoait'ea 
lovolvod.  ligbar  apaada  taoarata  aora  baat,  cauain(  tha  viacoaity  to  drop  further, 
which  la  ttara  brlaga  oa  lacraaaad  riibblag  aaJ  aora  boat  gaaaratloo.  Tba  uaa  of 
hardar  astala  halpa  by  raduclag  tha  araa  of  alaatlc  coatact,  tharaby  reducing  the 
frictloaal  haat.  Slallarly,  aatlfrlctloa  coapouada  la  tba  fuel,  either  naturally 
occttrrlag  or  lataaclooally  added,  reduce  friction  and  prevent  wear  and  acufflng. 

Tha  ability  of  aay  particular  puap  to  raalat  wear  and  acufflng  depeoda  on  aany  fac- 
toia,  aaong  which  ara  unit  load,  rubbing  apaad,  conf Igiaratlon  of  rubbing  turface* 
(aaaa  of  forming  ^  hydrodynaaic  wedge),  haat  removal,  viacoaify  and  inherent  coef¬ 
ficient  of  friction.  7t  doca  not  appear  poaaihle  nor  even  dealrable  to  try  to 
duplicate  all  of  tbeae  ‘■onditiona  in  the  laboratory.  Rather  it  will  be  the  objec¬ 
tive  of  thia  progran  to  diacover  the  fuadeaental  differencea  among  fuels  that 
govern  their  lubricating  behavior,  to  apply  this  knowledge  to  the  performance  of 
laboratory  p*mps  and  gear  tests,  and  to  extend  this  information  to  predict  behavior 
in  full-scale  field  aqulpsMnt. 

In  this  program  five  test  devices  were  used  for  lubrlcacion  testing. 

They  were  (1)  The  ball-on-cyllndcr  device  to  determine  friction  and  wear  lu  the 
'*adxed*f  11m"  regime  between  hydrodynamic  and  cosipleta  bowdary  lubrication,  (2)  a 
standard  four-ball  apparatus  to  measure  wear  in  the  more  heavily  loaded  region  and 
slso  to  determine  the  "scuffing- load",  (3)  a  Vickets  vane  pump  to  measure  wear  and 
loss  of  volumetric  efficiency  in  an  e«.tuel  ptsep,  (4)  a  Pelcx  tetter  to  meesurc  EP  . 
performance,  end  (S)  the  Ryder  gear  test  to  measure  tooth  scuffing.  These  test 
devices  are  described  below. 

a .  Ball-on-Cylindev  Device 

{1. )  General  Deter iptlon 

This  apparatus  smasuras  metallic  contact  and  friction  and  has  been  pre¬ 
viously  described. (20)  The  apparstus  ia  shown  in  Figure  1.  The  system,  consisting 
baticallyof  s  fixed  metal  ball  loaded  agaia.st  a  rotating  cyliooer,  1  one  of  pore 
iliding 


The  extent  of  omtalllc  contact  is  determined  by  measuring  both  the  tnstan 
taneous  and  average  electrical  resistance  between  the  two  surfaces.  In  genera’, 
the  electrical  resistance  fluctuates  very  rapidly  from  a  very  high  value  to  a  vet^ 
low  value,  suggesting  that  metalllr  contact  Is  discontinuous.  The  sversge  recorded 
resistance,  therefore,  is  e  time  average  end  Is  consequently  related  to  the  percent 
of  the  time  that  metallic  contact  occurs--hefcefcer  referred  to  as  "percent  metalli 
contact." 
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'Sntt  friction  between  the  b«l.l  and  cyllr4e«-  Is  measured  by  meane  of  a  amall  differen' 
';iel  trcneformer  end  ia  tecorded  contlnaoualy.  The  different  s  in  frictional  be* 
havlor  between  fuels  la  often  not  ao  much  in  the  average  li  *el  is  in  Che  relative 
aatuothneas  of  the  trace.  A  poor  fuel  g5.vea  a  Jagged  trace,  Indicating  stick-slip, 
which  is  easy  to  aee,  but  hard  to  express  as  a  nunier. 

Hear  of  the  ball  or  cylinder  can  be  determined  by  making  dire  t  measuru- 
BMnts  under  a  microscope.  The  wear  acar  on  the  ball  is  not  circular  but  elliptical, 
with  Che  major  Axis  perpendicular  to  the  direction  of  travel.  Thic  comes  about  be¬ 
cause  of  Che  wear  of  the  cylinder,  which  is  aomcwhat  softer  than  the  ball.  The  u~>ar 
SCSI  repc  ' ed  is  the  average  of  the  major  and  minor  axis. 


With  this  apparatus,  the  entire  region  from  hydrodynanit  (no  ntetallic  con¬ 
tact)  to  pure  "boundary’'  lubrication  (continuous  metallic  contact)  can  readily 
investigated.  There  le  generally  a  close  correlation  between  friction,  wear,  and 
percent  metallic  contact,  however,  percent  metallic  contact  loses  its  significance 
at  higher  loadr  where  the  contact  is  100%  for  all  fuels,  also,  where  stick-slip  is 
observed  (very  erratic  friction)  the  ball  literally  chatters  on  t’le  crack,  giving  a 
misleadingly  low  value  of  metallic  contact.  For  this  study,  the  metailic  contact 
measurenents  are  of  ».i..poctance  mostly  in  detecting  the  formation  of  a  nop-conductint> 
layer  on  the  rubbing  surfaces.  This  layer  comes  from  the  reaction  between  the  metar 
surface  and  a  fuel  additive,  and  generally  results  in  lower  friction. 


For  non-additive  fuels,  the  wear  scar  is  a  good  ineai..re  of  the  degree  of 
irictlon.  Wear  scar  diameter  (WSD)  is  therefore  quoted  extensively.  For  fuels 
containing  additives  or  large  amounts  of  sulfur  or  nitrogen  compounds,  the  wear 
scar  may  not  reflect  the  degree  of  friction.  These  cases  are  always  notated  in  this 
report. 


(2)  Test  Spe  Imens 

The  test  balls  u“,':d  in  this  study  are  standard  half-inch  Grade  1  bells 
made  of  AISI  52100  steel  and  having  a  surface  roughness  of  about  2  micro-inenes  CLA 
(Center  I-lne  .Average).  The  cylinders  (1.75  in.  diaiaeter)  are  also  made  of  AISI  52100 
steel  and  have  a  surface  roughness  of  about  1C- 12  micro- inches  CLA.  The  hardness  cf 
the  balls  is  65  Rockwell  C;  of  the  cylinder  5?  Rockwell  C. 

(3)  Test  Procedure  and  Conditions 

In  these  tests,  the  metallic  contact  and  frictional  be.iavlor  of  a  given 
lubricant  at  a  given  load  and  speed  are  recorded  with  time.  The  tests  were  generally 
run  for  J2  minutes  at  room  temperature  (7?F),  and  at  240  rpin  (56  cm/ sec  sliding 
speed).  Loads  were  varied  from  15  to  1000  g,  corresponding  to  mean  Hertz  pressures 
of  21,80C  to  82,000  psl.  In  each  test,  a  new  ball  .and  fresh  track  were  used.  T'.re 
is  some  variation  in  the  test  results  from  cylinder  to  cylinder,  probably  because  of 
minor  differences  in  out-of-rounJness.  This  source  of  error  was  minimized  by  making 
comparative  runs  on  the  same  cylinder  (10  or  12  sepavace  tracks)  thus  allowing  a  di¬ 
rect  relative  rating. 

•  Four-Ball  Wear  and  EP  Tesrers 

One  of  the  most  co-mon  instruments  used  in  lubricity  studies  is  the  four- 
ball  wear  tester.  Basical’^,  the  machine  consists  of  a  spherical  metal  ball  held  in 
a  rotating  chuck,  in  contact  with  the  faces  of  three  stationary  metal  balls.  This 
simple  pyramidal  fcometry  allows  an  accurate  evaluation  of  wear  caused  by  the  slid¬ 
ing  bodies  lit  contact.  The  frictional  pull  can  also  be  computed  via  a  simple  spring 
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i®uge.  At  the  conclusion  of  the  testf  the  three  cell  belle  ere  studied  nlcroRcopi' 
c£lly  to  determine  the  size  of  the  wuer  scar  produced.  Such  scars  rre  generally 
circular  or  nlightly  elliptical  in  fora,  with  relatively  unifora  vertical  striations 
present  in  the  worn  area.  The  parameters  that  appear  to  be  significant  in  dateraia- 
ing  wear  scar  diameter  (WSD)  are  load,  speed  and  time. 

The  instruments  used  in  this  Investigation  are  the  Normal  Four-Ball  Wear 
Tester  fScieutific  Precision  Crmpany,  Chicago,  Illlncls,  Catalog  #73603)  and  the 
Shell  Extreme  Pressure  Four-Ball  Tester  (Catalog  #2008).  The  normal  wear  tester 
can  be  operated  under  a  nutabar  of  test  conditions.  The  applied  loads  can  be  varied 
for  0.1  to  50  kg,  the  temperature  can  be  controlled  from  ambient  to  250C  and  three 
machin  speeds  are  available;  600,  1200  and  1800  rpm.  A  modification  is  being  made 
to  allow  t..a  use  of  luads  up  to  100  kg. 

The  Shell  Extiame- Pressure  Four-Ball  Tester  is  limited  to  one  speed, 

1800  rpm,  has  no  mperature  control  and  can  be  operated  at  loads  up  to  800  kg.  The 
operation  of  the  EP  tester  is  similar  to  chat  described  for  the  normal  wear  tester. 
However,  it  is  custo.u;ry  'o  uce  the  EP  tester  for  a  series  of  10-secord  or  l-mlnute 
tests  at  increasing  loads.  At  some  load--called  the  "scuff Ing-load"  or  "selsure- 
load"--the  size  of  the  wear  scar  i.uddealy  jumps  from  around  0.3-0. 4  ran  to  1,5-2. 5  nn. 
This  is  accompanied  by  a  corresponding  increase  in  friction  and  noise.  Further  In¬ 
creases  in  load  will  eventually  cause  the  four  balls  to  weld  together.  The  "weld- 
point"  has  not  been  determined  in  the  investigation. 

c.  Vickers  Vane  Pump  Test 
(1)  General  Description 

A  schematic  diagram  and  a  photograph  of  the  Vickers  Vane  Pump  system  are 
shown  in  Figures  2  and  3,  The  pump  is  a  positive  displacement  vane  pump.  Vickers 
V-104-T-10  type,  with  a  rated  capacity  of  1.8  gpm  at  C  psl  and  l.l  at  1,000  psi. 
It  is  driven  by  ’  2  hp  motor  at  1155  rpm.  The  fluid  circulates  through  a  pressure 
relief  valve,  sequence  valve,  rotameter,  cooler  and  sump  of  ten-gallon  capacity. 

The  temperature  of  the  fluid  in  the  sump  is  thermost.'. tically  controlled  by  an  elec¬ 
tronic  relay.  The  flow  system  is  connected  with  3/8  inch  stainless  steel  tubing. 

A  calibration  bv“ette  is  installed  la  parallel  with  the  rotameter.  The  fluid  can  be 
bypassed  into  the  burette  for  precise  measurements  of  the  flow  rate. 

The  pumping  cartridge,  as  shown  in  Figure  4,  is  replaceable.  It  consists 
of  12  var.e.s  (15  nsn  x  12  nan  x  2  mm)  placed  freely  in  the  slots  ot  a  rotor  and  con¬ 
fined  by  a  ring.  The  vanes  are  forced  outw.'ird  by  both  centrifuged  force  and  the  out¬ 
let  pressure  of  the  fluid  which  is  fed  behind  the  vane.  Both  sides  are  covered  with 
a  bronze  bushing.  Major  wear  takes  place  due  to  the  sliding  actiov  between  vanes 
and  the  ring.  Minor  wear  occurs  on  the  surface  of  the  bu-shings, 

A  secondary  device  is  attached  to  the  pump  system.  It  consists  of  a  pair 
of  hydraulic  cylinders,  one  of  which  is  deiven  by  pump  pres^sura  through  an  arrange¬ 
ment  of  a  solenoid  valve  and  limit  switches.  Its  reciprocating  motion  drives  the 
piston  if  the  second  cylinder  in  which  the  test  fluid  is  charged  under  No-pressure 
at  one  and  discharged  at  the  other  end.  Wear,  leakage  rate  past  the  piston  rings 
and  surface  finish  of  piston  assembly  are  measured.  To  date,  this  secondary  device 
has  not  yet  been  used  for  this  projact. 

Each  test  was  made  at  a  specified  pump  discharge  pressure  and  specified 
sumo  temperature.  Because  of  the  low  viscosity  of  jei.  fuels  relative  to  the  i:sual 
hydraulic  oils,  the  highest  pressure  possible  was  only  350  pslg.  Test  duration  was 


FIGURE  2  SCHEMATIC  DIAGRAM  OF  VICKERS  VANE  PUMP  SYSTEM 


24  hours,  and  a  new  pumping  cartridge  was  used  for  eich  ruu.  All  the  components 
were  weighed  and  their  surface  roughness  measured  b  a  Talysurf  Proflllmeter. 

d.  Falex  Wear  Tester 

This  apparatus,  commonly  used  as  an  E?  wear  C'^ster,  consists  of  a  l/4>lnch 
dlaaieter  pin  (SAE  3135  steel)  rotating  at  a  constant  speed  between  two  V*shape  blocks 
(AISI  1137  steel).  This  assembly  is  Isnersed  In  the  t:sst  fuel  during  a  test.  The 
load  Is  applied  by  pressing  the  V-blocks  agalrst  the  pin  and  Is  measured  on  a  gauge 
calibrated  to  read  total  pounds  on  the  faces  j-.  V>blocks.  The  friction  between  the 
contact  surfaces  Is  measured  by  a  strain  gauye. 

In  these  teats,  a  starting  load  100  lbs  Is  held  for  two  minutes.  The 
load  is  then  Increased  In  SO  lb  increments  and  heM  for  one  minute  after  IncresKnt 
until  failure  occurs.  The  criteria  for  failures  is  chat  Che  load  cannot  be  main* 
tained  at  a  constant  level  without  an  ..brupt  Inc. ease  of  friction  torque  being  ob¬ 
served.  This  is  recorded  as  scuffing  load. 

e.  Ryder  Gear  Test 

(1)  General  Description 

The  Ryder  Gear  Test  Is  f  scanda>d  ^aethod  (Federal  Test  Hechod  791a)  to 
measure  Che  load-carrying  ability  ol  lubricating  oils.  The  test  gears  are  special 
AMS-6260  steel  spur  gears  trfiich  are  combined  wltn  two  "slave  gears”  In  a  "four 
square"  arrangewnt.  Lording  via  oil  pressure  causes  an  axial  movesienc  of  one  t^ear 
shaft  relative  to  Che  other,  imposing  a  load  on  the  test  gears.  The  lubricant  ta 
fuel,  in  this  case)  Is  -prayed  on  the  teeth  of  the  test  gears.  The  operating  con¬ 
ditions,  which  were  set  up  to  evaluate  lubricants  rather  than  fuels,  call  for  an 
Inlet  fuel  temperature  of  163F  and  Incremental  five-pound  loading  steps  of  lO-mlnute 
duration.  After  each  lO-mlnute  period  Che  gears  are  inspected  through  a  microscope 
and  the  area  of  scuft  on  each  tooth  Is  noted.  The  average  area  of  scuff  Is  then 
ccxBputed. 


This  sequence  is  followed  until  the  average  gear  tooth  scuff  is  40X.  The 
average  percent  of  tooth  area  scuffed  Is  plotted  on  a  seml-logarlchmic  scale 
against  Che  load  pressure,  in  pi=ig.  By  convention,  the  result  at  22.51  scuff  Is 
used  In  the  evaluation.  Two  determinations  can  be  made  for  each  set  of  gears  by  a 
simple  reversal  of  the  two  gears  on  their  shafts.  (These  are  referred  to  as  tests 
on  side  "A"  and  side  "B".  ) 

(2)  Smaller  Load  Increments  to  be  Adopted 

Since  the  Ryder  Gear-Erdco  Universal  Tester  Is  accepted  as  a  useful  meas¬ 
ure  of  the  load-carrying  ability  of  fuels  and  lubricants,  seversl  anclwear  additives 
were  cvsluated  by  this  technique.  Beesv  -e  the  test  was  originally  developed  to 
evaluate  lubricants  rather  than  fuels,  the  specified  loading  conditions  tMy  be  t^o 
•severe  for  fuels  If  the  load-carrying  capacity  of  the  fuel  is  low.  In  this  lase, 
few  steps  will  be  necessary  to  produce  high  scuff  with  resulting  error  In  the  evalu¬ 
ation  of  the  22.51  scuff  point.  For  Instance,  less  severe  Incresiencs  which  can  be 
used  are  three-pound  steps  of  ten-minute  duration  or  three-pound  steps  of  five-min¬ 
ute  duration.  For  the  base  case,  pure  Bayol  35,  this  was  especially  important  since 
it  five-pound  per  ten-minute  steps,  Side  A  had  no  points  below  22.51  and  Side  B  had 
only  one.  Under  the  more  gradual  loading  conditions  of  three  pounds  per  ten-minutes 
and  three-pounds  per  five  minutes,  two  points  were  obtained  below  2i.51  for  each 
side. 
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A*  CM  b«  MM  ia  tha  tabU  balow,  tha  eholca  of  load  and  ciaa  incraaents 
(utMtltar  flva^powad  or  tbraa*pouad  atapa.  flaa>Bi.ouca  or  tan*alauta  duration)  had 
littla  affact. 


Ufact  of  load  and  Tlaia  IncraMPta  la  iardar  Taat 
ftoal ;  layol  iS 


QMrattaa  lacraaanta 


lb  Tlae.  mia 

Single  Test 

Average 

10 

339.  678 

508 

10 

493.  493 

493 

628.  4S2 

S40 

Tharafara,  tha  aora  praelM  3  lb/ 10-ninuta  atap  will  ba  uMd  for  scat  of  tha  Ryder 
Gear  taata  la  thia  prograa. 

2.  COWAMSOII  AM)  KVALUmOW  Of  TEST  l»STbttflaiTS 


A  oacaaaary  part  of  thla  prograa  waa  to  eatabllth  the  ability  of  the  varl- 
oua  taat  davlcaa  to  detect  aaall  dlfferencea  In  lubricating  propcrtiea  between  fuela, 
alnce  In  aoat  caaea  the  devlcea  had  been  developed  to  teat  acre  vlacoua  lubricating 
oils.  Both  wear  and  acuff  teatera  were  uaed.  Thalr  uaefulneaa  for  this  prograa  ia 
dlacuaMd  below. 

e.  Coaparlaon 

(1)  Wear  Teatera 

There  wea  general  agreeaMnt  In  the  ranking  of  fuela  between  the  three  de¬ 
vlcea  uaed  to  aeaaure  wear--the  bell-on-cyllnder,  four-ball,  end  Vlckera  vane  puap. 
Thla  ia  ahown  In  Table  I  which  coaperea  wear  retulta  for  Che  three  devlcea  for 
nine  of  the  coeaMrclal  fuela.  The  ranking  correlation  analyaea  in  Table  I  ahow  that 
the  correlation  between  the  ball-on-cylinder  end  four-bell  teatera  la  algnificant  at 
the  99X  level.  The  ranking  coirelation  between  the  four-ball  machine  and  the  Vickers 
vane  puap  waa  significant  at  Che  95X  level.  These  good  correlations,  together  with 
the  fact  that  the  rankings  by  these  awchinrs  agree  with  field  experience  with  puop- 
wear  problems,  indicate  that  these  tests  give  useful  neaaurenenta  of  the  wear  pre¬ 
vention  properties  of  let  fuels  under  loaded  boundary  lubrication  conditions. 

( 2 )  Scuff  Testers 

Tlirca  devices  were  uaed  to  measure  scuffing  effects--the  four-ball  tester, 
Falex  tester,  and  Ryder  gear  test.  The  Ryder  gear  machine  was  too  severe  to  detect 
the  differences  in  BP  performence  of  fuels,  although  the  effect  of  high  <0. IX>  con¬ 
centrations  of  lubricity  additives  in  fuels  could  be  seen.  The  Felex  test  was 
capable  of  dividing  the  10  coamMrciel  fuels  into  two  broad  classificetlons->the  five 
most  highly  refined  fuels  (Beyol  3S,  RAr-173-bl,  PW'523,  73LR-LV  end  AFFB-3-65)  and 
the  low  viscosity  naphtha  were  grouped  together  as  the  poorest  antiscuff  performers. 
Tha  JP-4,  JP-5,  RAF-I7b-W  and  the  diesel  fuel  were  shewn  to  have  better  load-carry¬ 
ing  ability  than  the  above  six  fuels.  This  classification  is  in  agreement  with  tne 
sKire  selective  ranking  given  by  the  bell-on-cylinder,  Vickers  vane  pump  and  four-ball 
wear  results  in  e  rubbing  wear  regime. 

T'e  four-ball  machine  hae  not  been  evaluated  as  a  scuff-teeter  st  this  time. 


T<bl«  I 


Correlation  Between  Wear  Toteri 
A 

CoMparatlve  Wear  Teit  Pete  (*) 


Fuel 

Four-Ball  Teat 

Ball-On-Cylinder  Test 

Vickers  Vane  Fump 

(10  Kg.  1200  RFH,  97F) 
Wear  Scar  Dianeter  (aaa) 
(Adluated  to  60  min.) 

(350  paig,  90F) 
Wear  mg 

AFFB-3-65 

1.04 

0.56 

4317 

PW-523 

0.86 

0.64 

4944 

RAF-173-61 

0.81 

0.56 

266 

BATOL  35 

0.80 

0.42 

5354 

75-LN-LV 

0.70 

0.53 

250 

JP-5 

0.70 

0.42 

646 

JP-4 

0.62 

0.37 

160 

RAF-176-64 

0.61 

0.30 

71 

Diesel  Fuel 

0.52 

0.29 

4 

£ 

Degree  of  Correlation 

(Spearmans  Rank  Correlation  Method,  see  page  59) 
Acceptance  Limits  T"  o 

9  f  >/  •  U 1 


^  s,  0.05 


0.6A 


Tests  Being  Compared 


Evidence  of  Significance 


Four-Sail  and  Ball-On-Cy 1 Inder  0.96 
Four  Ball  and  Vickers  Vane  Pump  0.82 
Ball-On-Cylinder  and  Vickers  Vane  Pump  0.78 


Significant  at  99t  A.L. 
Significant  at  951  A.L. 
Significant  at  95X  A.L. 


(* )  Naphtha  data  are  not  included  because  its  lov  volatility 
meant  that  (a)  it  could  not  be  pumped  in  the  Vickers  vane 
pump  and  (b)  evaporation  Induced  cooling  and  concentration 
of  heav7  ends  occurred  in  the  ba ll-'^n-cy I inder  test,  which 
probably  caused  a  reduction  in  wear  i^te  during  runs. 
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af  Indlvtdtxl  t«»t  Dtvtc«« 

(1)  ttochtm 

fba  ball*oti*cy Under  device  wee  developed  to  fill  the  need  for  a  rugged, 
yet  eeeeltive,  device  for  eveloeeiag  eurfece-ection  lubricity  add'  '"-ii.  it  ie 
uniquely  capable  of  detecting  differeacee  in  tlM  lubricating  prop  die- 

tillete  fuela  under  boundary  and  nixed  hydrodynnic  and  boundary  c  .lu.iiot. Thie 
acnaitivlty  was  clearly  shown  during  this  progran  and  is  denoostrated  here  by  the 
results  given  in  Table  II  for  IS  ppn  solutions  of  coMercial  additives  in  isooctane. 

It  can  be  seen  fron  the  results  in  Table  It  that  the  highly-purified,  poor- 
lubricity  isooctane  was  clearly  distinguished  fron  the  sane  isooctane  with  trace 
(IS  ppn)  quantities  of  surface-active  additives.  The  wear  scar  dianeter  was  re¬ 
duced  by  as  nuch  as  67X  by  the  additives.  The  tine-averaged  friction  reading 
showed  a  significant  decrease,  both  in  absolute  value  of  the  coefficient  of  fric¬ 
tion  and  Che  saux>chncss  of  the  friction  trace.  During  all  these  runs  with  pure 
isooctane,  the  oscillation  of  Che  friction  reading  suddenly  became  so  violent  that 
Che  range  of  the  recorder  was  exceeded,  and  in  one  of  these  cases  the  mn  had  to  be 
discontinued  because  of  excessive  vibration  of  the  test  instrument. 


(2)  Wear  behavior  in  Pour-Ball  Tester 

In  comparing  Che  wear  characteristics  of  different  lubricants  in  the  four- 
ball  wear  tester,  it  may  be  misleading  to  use  only  one  length  cf  test,  say  b  minutes 
or  1  hour.  Feag(21)  has  shown  chat  three  separate  maabers  are  required  to  character¬ 
ise  each  fluid:  a  "zero-time"  wear,  which  is  obtained  almost  instantaneously;  a 
normal  wear  rate  where  the  wear  volume  is  directly  proportional  to  time;  and  an 
equilibrium  wear  at  which  any  further  increaaea  in  time  do  not  increase  the  scar 
diameter . 

In  order  to  enaure  that  meaningful  comparisons  could  be  made  between 
fuels  with  respect  to  their  behavior  in  the  four-ball  tester  uncer  non-scuffing 
wear  conditions,  a  acriea  of  studies  were  carried  out  in  this  machine,  using  cetane 
as  the  test  fluid,  in  which  wear  waa  measured  as  a  function  of  load,  speed  and  time. 

The  purpose  was  to  find  the  most  suitable  speed  and  load  conditions  for  future  test¬ 
ing  and  to  establish  that  the  test  was  well  behaved,  in  that  wear  volume  was  pro¬ 
portional  to  running  time. 

As  indicated  above,  the  time  dependence  of  wear  can  be  represented  by 
three  distinct  regions,  the  "zero  time"  wear,  the  normal  vest,  end  the  equilibrium 
wear  regions.  Feng  pointed  out  that  on  a  log-leg  plot  of  time  vs.  wear  scar  diame¬ 
ter  the  slope  of  the  line  representing  the  normal  went  region  would  be  0.25.  There-  j 

fore,  s  comprehensive  study  has  been  made  of  this  time  dependence  for  feur  loads;  ' 

5,  10,  30,  and  50  kg.  The  results  of  this  study  ate  shown  in  Figures  5  to  13. 
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TABU  II 

ULL-OW-CYLIUDgK  RESULTS 

Steel  on  Steel;  240  IPM;  32  Minute  Teeta; 
IS  ppa  Additive  Solutions  In  laooctane 


Additive 

Wear  Scar 
Olaaeter  (■■) 

Coefficient  Of 
Friction  At 

End  of  Teat 

Aatplltude^^^ 
of  Friction 
Record  Aa  X 
of  Average  Value 

Notes  on  Friction 

60  R  Load 

None 

0.60 

(0.30)^^^ 

(+  20)^^^ 

Suddenly  coo  erratic 
to  record  at  20  aln. 

None 

0.62 

o 

o 

(+  11)^^^ 

Suddenly  too  erratic 
to  record  at  IS  ain. 

Oleic  Acid 

C.21 

0.13 

+  2 

ER-3 

0.27 

0.14 

+  3 

ER-4 

0.46 

O.U 

t  ^ 

ER-5 

0.38 

0.14 

+  3 

ER-6 

0.21 

0.13 

+  3 

ER-IO 

0.21 

0.14 

+  3 

240  R  Load 

None 

(0.73)^^^ 

(0.30)^^^ 

(±25)<^> 

Suddenly  too  erratic 
to  record  at  20  aln. 
Run  discontinued. 

Efe  3 

0.32 

0.18 

1 

ER-5 

0.32 

0.19 

t. 

(1)  The  period  of  osclllacton  for  the  friction  re«d>out  on  the 
•trip  chart  recorder  it  about  1-3  teconda  and  ia  littlted  by 
the  detection  and  recording  awchanla*.  Although  thli  repre- 
centa  about  6  cylinder  revolution*,  or  33  inchea  of  travel  for 
the  ball  acra»*  the  cylinder  aurface  per  oacillation,  there  la 
a  contlttent  relatlonthlp  betveen  the  aaiplitude  of  O'clllation 
and  teverity  of  wear- 

(?)  Aeadlngi  taken  Ju*t  prior  to  break  into  highly  erratic  fric¬ 
tion  regiae. 


(J)  Code  nuabert  refer  to  proprietary  add  It ivet.  See  Section  V-3. 
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Ih*  tUMlag'lB  %»tBr  re«ioti  »od  th«  aonMl  wear  rctioB  tc  preaent  In  all 
esMS.  ^  all  tasca,  nccapt  Cha  10  k*.  1800  rp*  aarias,  tbara  it  no  Indication 
Chat  aa  a^lllbrlaa  waar  tear  raglon  haa  baan  attained.  Peng'a  Interpretation  of 
fok  '-ball  taat  raaulca  la  a  general  one,  aeant  to  hold  over  a  wide  range  of  flulda. 
■a  bad  tound  Clut  l<w  vlacoalCy  flulda  ware  not  an  likely  to  attain  thla  final 
t^lllbrlua  raglaa  In  raaaonabla  teat  parloda,  aa  were  rluida  of  higher  vlacoalty. 
Thla  la  probably  <iuc  to  the  axtraMly  poor  load -carry  log  rapacity  of  theae  light 
flulda.  Aa  taa  wear  voluaw  grows  larger,  the  unit  loading  dec-  ^«ea  alnce  the 
area  of  concact  la  Incrcaalng.  Baiire.  a  point  la  reached  at  which  the  fluid  la 
able  to  support  thla  unit  load  In  a  nixed  bousdary-hydrodynaalc  fashion  and  no 
furtL.'r  waar  occurs.  In  light  fluids  with  poor  lubricity  properties,  this  point 
la  difficult  to  reach. 


The  Initial  wear  tear  dlaneter  represents  the  <  rly  part  oi  i''*  tun, 
whtrt  even  at  a  few  seconds  running  tlwe  an  appreclabxe  wi  scat  la  c  _alned. 

Thla  is  soMwhat  above  the  Hertz  diamter  ca'culated  for  eav  loan  me  Initial 
USD  Increaaea  with  load,  but  la  independent  >  f  a,ved.  At  S  and  ^  teg  this  Initial 
waar  period  la  only  about  one  ulnute  long;  at  30  kg  it  is  about  fl  e  niiaucea  and  at 
30  kg  about  ten  ulnutea  long. 

The  norwal  wear  region  la  wcrl  behaved  nighout  these  teats;  all  con- 
ditlona  except  one  yielding  a  alop*  of  0.25  aa  Icted  by  Peng.  The  exception, 

50  kg  at  1200  HFM.  occurs  In  a  region  of  high  r’jnri  g-in  wear  and  la  quite  close 
to  the  catastrophic  wear  regiiae  aa  ahown  in  Pigure  14. 

The  runniug-ln  wear  and  log-log  alopea  .  r  the  various  runs  are  tabulated 

below: 


Hear  va .  Tlwe  teata--t.'ur-Hall  Wear  Tester 


Load,  kx 

Speed,  Rn 

Initial 

WSD,  ww 

3 

Wear  Rate,  -r— 

■  In. 

5 

600 

0.19 

0.306 

1C 

600 

0.22 

0.486 

1200 

0.24 

1.06 

1800 

0.22 

1 .04 

30 

600 

0.30 

1  85 

1200 

0.36 

3.20 

1800 

0.38 

1.35 

30 

600 

0.70 

2.48 

'OC 

0.70 

X  10 


4 


The  nonaal  w*«r  rate  .onatant,  k,  is  obtained  frow  tbe  equation 

k  -  1.S45  X  10-2  d4/c 

where  d  i»  the  wear  scar  dlawrrer  and  t  la  the  teat  duration,  and  1.143  la  a  con¬ 
stant  for  a  avatew  of  this  wet  lurjiy  and  ball  aite.  This  equation  it  valid  for 
tests  of  such  durat'on  that  the  runr,lng-tn  wear,  by  ccaspe  rison,  is  negligibly  sasa  I . 
An  alternative  expression  can  be  used  If  this  running-in  period  mist  be  taken  into 
account . 


The  steady-state  wear  region  shows  that  the  wear  rate  la  a  function  oi 
both  load  and  speed.  However,  at  the  higbeat  load  and  apeed  the  points  do  not 
give  slopes  equal  to  0.23.  For  future  caaq»arlsops  of  wear  rate  the  conditions  'I 
10  kg  and  200  RJh  will  be  uaed  . 


2b 


IN  Ff^'K-BAM.  TESTER:  TIME  DCPENDEKCE  OF  WEAR:  i  kg,  600  rpm,  77F 


FIGURE  6  -  CETANE  IN  FOUR-BALL  TESTER:  TIME  DEPENDENCE  OF  WEAR:  10  kg,  600  rpm,  77F 


FIGURE  7  CETANE  IN  FOUR-BALL  TESTER:  TIME  iJgPENDENCE  OF  WEAR:  10  kg,  1200  rpw,  777 


FIGURE  8  CETANE  IN  FOUR-BALL  TESTER;  TIME  DEPENDENCE  OF  WEAR:  10  kg,  1800  rpm,  77F 


FIGURE  9  CETANE  IN  FOUR-BALL  TESTER:  TIME  DEPENDENCE  OF  WEAR;  30  kg.  600  7pm.  77F 


FIGURE  11  CETAKE  IN  FOUR-BALL  TESTER:  TIME  DEPENDENCE  OF  WEAR:  30  kg,  1800  rpm,  77P 


FlCinu;  13  CETANE  IN  FOUR-BALL  TESTER:  TIME  DEPENDENCE  OP  WEAR:  >0  kg,  1200  rpa,  77F 


1800  RPM 


FIGURE  1-*  WEAR  SCAR  DIAMETER  VS.  LOAD  FOR  n-CETANE  AT  600,  1200  and  1800  rpm  ON  FOUR-BALL  TESTER 
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SECTIOH  V 


With  Che  «!■  of  eecebllshlng  e  reletlooshlp  between  coapooitlon  end 
lubricating  properties,  ten  coMsercially-available  distillate  fuels  vere  obtained 
for  laboratory  investigation. 

the  chewical  covposiclon  and  appropriate  physical  properties  of  the 
fuels  were  analysed  as  thoroughly  as  possible  using  established  analytical  SMthods. 
The  lubricating  properties  of  the  fuels  were  Measured  in  the  ball-on>cy Under , 
four-ball,  Falex  and  Vickers  vane  puap  devices. 

b .  Description  of  Fuels 

A  list  of  the  fuels  are  given  in  Table  III  together  with  a  brief  descrip- 
clon  of  the  fuel  characteristics.  A  full  description  of  the  fuel  analyses  is 
given  in  the  next  section,  followed  by  the  experiaental  lubricity  results. 

c .  Fuel  Analyses 

( I )  '^^tscositv  and  Density 

The  viscosities  and  densities  of  the  fuels  investigated  in  this  work 
are  given  in  Table  IV.  The  viscosities  were  obtained  with  an  Ubbelohde  capillary 
viscometer  and  the  densities  ty  precision  hydrometers.  For  all  fuels  the  density 
shows  an  almost  constant  decrease  of  0.00040  g/oil  per  *F 

The  absolute  viscosities  (cp)  of  the  fuels  are  plotted  in  Figure  15 
using  a  Modified  ASTM  chart.  The  ASttl  chart  was  developed  for  klnesMtlc  vis¬ 
cosities  (cs)  and  has  been  Modified  for  absolute  viscosity  (cp)  by  relocating 
Che  vertical  ordinate  so  that  the  line  representing  0.4  cs  becomes  0.3  cp  and 
so  on  The  equation  for  the  modified  chart  is  thus: 

log  log  (cp  +  0.1  +  k)  •  -n  log  T  +  C 

whei  k  »  0.6  at  viscosities  above  1  '  cp  and  gradually  increases  at  viscosities 
below  1.4  cp.  This  chart  gives  a  relatively  straight  line  over  the  range  of 
77-300F  (23-150C). 

It  will  be  seen  Iroe  Figure  ’.5  thst  the  Jet  fuels,  with  the  exception 
of  JP-4,  have  viscosities  wich-.n  the  narrow  range  of  1.02-1.64  rp./'lOOF.  JP-4 
is  considerably  lighter  at  0.u9  cp  Rayol  35.  the  white  oil  used  as  reference, 
is  1.84  cp  The  bracketing  fuels  are  a  diesel  fuel  of  2.15  cp  and  a  naphtha  o£ 
0.25  cp,  these  reprtscnl  the  les  of  t  ne  Mixed  fuels. 

The  vi  sc  osi  t  y- tcsipera  tore  lines  of  the  fuels  are  roughly  parallel; 
i.e.,  crossovers  are  negligible.  Thus,  if  one  fuel  is  more  viscous  than  another 
at  one  temperature,  it  will  be  more  viscous  at  all  temperatures,  with  only  Minor 
exceptions.  The  Si«e  can  be  expected  to  hold  for  vl scosi ty-preasure  relation¬ 
ship,* 
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USAf  -  CMC  Fu«l  Bank,  Highly  naphthenic, 

■‘'*0^  River,  III.  hydrocarbons 

BTS-SM'F  boiling  '-•nge; 
relaCi.vely  high  vwcoalty. 


Alrl  •  3-65 

USAf  -  ruel  Bank 

Wood  River.  III. 

Highly  naphthenic  and 
i«op»raf finic , 

Ca-C.^  I>ydrocai.oont 
325-425*F  boiling  range; 
relatively  low  vlscoaity. 

Rayol  35 

Hiaable  Oil  &  Refining  Co. 

Isoperaf f inlc  and  naphtheni 
Cii-Ci4  hydrocarbon*, 
A00-500*F  boiling  range, 
relatively  high  viscosity. 

W-523 

Standard  Reflnins 

Husble  Oil  &  Refining  Co. 

Low  arotutics, 

Cio*C.A  hydrocarbons, 
400“475*F  boiling  range. 

JF-5 

USAF  -  Univeral ty  of 

Oay ton 

Co-Cj5  blsnc', 

3f5-A75*F  boiling  range. 

llAF-176-b<. 

USAF  -  CRC  *'jel  Beak 

Wood  Rfver,  III. 

Standard  Jet -A, 

C^Ki^g  blend. 

75  LM-LV 

USA*"  -  Unlveraity  of 

Dayton 

Mainly  CjqKIj^  hydrocarbons 
325-A25*F  billing  range. 

JF-A 

Hunble  Oil  &  Refining  Co. 

Wide-cut  fuel, 

C«j-Cj5  hydrocarbons, 
175-4?5*F  boiling  range. 

Lew  viscosity. 

Die»*l  Fuel 

Hu«hle  Oil  &  Refining  Co. 

Mainly  Cio-C;?  hydrocarbons 
»25-575*^F  boiling  range, 
-highest  viscosity 

Light  Maphtha 

Hiablc  Oil  8  tefin’ng  Co, 

C<,-C7  invest  viscosity. 

10C-200*F  boiling 
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COMM£ftCUL 


TEMPERATURE,  DEGREES  TAHRENHEIT 


(2)  Volatllttv  and  Carbon  Ntunbey  Breakdown 

Engler  dlstlllacioas  of  the  fuels  are  presented  In  Table  V  and  8ho<^.; 
graphically  in  Figure  16.  Gas  chromatographic  separation  by  carbon  ntanber  are 
gxven  in  Table  VI.  Again,  as  in  the  case  of  viscosity,  it  can  be  seen  that  the 
bracketing  fuels  are  naphtha  and  diesel  fuel.  This  is  deisonstrated  in  Figure  17 
showing  the  reKtionshlp  between  the  501  distillation  temperature  and  viscosity. 
Essentially  all  of  the  naphtha  boils  below  the  lowest  boiling  fraction  of  any 
other  fuel;  and  75%  of  the  diesel  fuel  boils  above  the  highest  boiling  fraction 
of  any  ether  fuel.  The  wldecut  nature  of  JP-4  is  easily  seen.  Bayol  35,  PW-523, 
75  LN-LV,  and  JP-5  all  have  very  narrow  boiling  ranges.  AFFB-3-65  is  a  slightly 
wider  cut,  and  RAF-173  and  RAF~176  wider  still,  but  all  are  relatively  narrow 
comp...red  to  JP-4.  Of  the  jet  fuels  only  RAF-176-64  has  an  appreciable  amount 
as  high  as  the  Cig  fraction  -  3.7%.  The  75  LN-LV  is  almost  entirely  C13  and 
below;  AFFB-3-65  almost  entirely  C12  below. 

(3)  Breakdown  by  Hydrocarbon  Type 

A  hydrocarbon  type  analysis  was  carried  out  using  mass  spectrometry. 
This  analysts  separates  fuels  into  paraffins,  1-ring  naphthenes,  condensed  2-ring 
naphthenes,  condensed  3-ring  naphthenes,  Indenes,  1-ring  aromatics,  condensed 
2-ring  aromatics,  and  condensed  3-ring  aromatics.  Because  of  the  low  carbon 
number  of  these  fuels,  most  of  the  naphthenes  and  aromatics  are  1-ring  compounds. 
Condensed  2-ring  and  3-ring  naphthenes  have  been  grouped  as  are  condensed  2-ring 
and  3-ring  aromatics  and  indenes.  Combining  these  data  with  the  data  on  n- 
paraffins  obtained  from  the  G.  C.  analysis,  the  iso-parnf finic  content  can  also 
be  obtained.  Sulfur  compounds  are  not  identified  separately  but  are  included 
in  the  aromatic  fractions.  The  mass  spectra  combined  with  the  gas  chromatography 
results  described  above,  yield  the  breakdown  by  species  given  in  Table  VII. 
Examples  of  highly  paraffinic  (F-.'-523  and  light  naphtha),  highly  naphthenic 
(RAF-173-61)  fuels  and  a  wide  range  of  aromatic  contents  are  included. 

(4)  Trace  Impurities 

The  three  most  important  impurities  likely  to  influence  lubricity  are 
sulfur,  nitrogen,  and  acidic  compounds.  Analyses  for  these  classes  of  material 
ate  given  in  Table  VIII.  The  most  highly-refined  fuels,  particularly  the  hydro- 
fined  PW-523  and  Bayol  35,  are  low  in  all  three  impurities.  The  diesel  fuel  was 
highest  in  all  categories. 

The  acidity  of  all  10  fuels  was  run  in  duplicate  by  two  analysts  using 
extreme  care.  This  was  necessary  because  of  the  profound  effect  (noted  in 
Table  II)  of  only  15  ppm  of  oleic  acid  on  friction  and  wear.  This  amount  of 
oleic  acid  gives  a  neutralization  number  of  only  0.003  mg  KOK/g,  so  an  accuracy 
of  0.0002  in  neutralization  number  is  required.  The  procedure  is  as  follows; 
add  25  mi  absolute  alcohol  to  100  g  fuel,  sparge  with  nitrogen  for  5  minutes, 
then,  without  interrupting  the  nitrogen  supply,  titrate  with  0.01  KOH  using 
neutralized  bromothymol  blue  (end  point  pH  7.6)  as  indicator. 

The  agreement  between  analysts  was  quite  good,  differing  significantly 
only  for  the  naphtha  sample.  Only  two  of  the  fuels--diesel  fuel  and  RAF-176-64 — 
had  acidities  of  more  than  0.015  (7  ppm  as  oleic  acid).  Acidity  of  the  diesel 
fuel  was  0.12,  RAF-176-64  was  0.010. 
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(1)  GC  Analyal*  vU  Ferkia-Zlner  226;  300*  Column.  OC  350. 

(2)  HOTMl  hydrocarbons  aa  reported  are  a  auxlmtin  value  and  may  Include  ocher 
uorooolvable  compoundo. 

(3)  Normal  paraffinic  content  of  Bayol  35  too  low  for  eacimatlon. 


TABLE  VIII 


SULFUR.  NITROGEK  AND  ACIDITY  OF  THE  COtgCRCIAL  FUELS 


Sulfur, 

DDm^^) 

PW-523 

<  0.2 

Bayol  35 

<  0.2 

;5  LN-LV 

<  0.2 

AFFB-3-65 

75-80 

RAF-173-61 

29 

JP-4 

32-34 

JP-5 

162 

Naphtha 

135 

RA’'  176-64 

560 

Diesel  Fuel 

2300 

Mltro^n. 

Meut 

Acidity^' 

.  Ho.  X  103 

<  1 

nIT 

1 

<0.2 

4. 

1 

0.5 

4 

1 

1.4 

<1 

3 

0.3 

2 

4 

1.5 

<1 

nil 

0.8 

3 

5 

<0.2 

<1 

8 

9.5 

13 

158 

120.0 

(1)  Sulfur  determination  via  Lamp  method. 

(2)  Nitrogen  determination  via  KJeldahl  method. 

(3)  Colorimetric  titration.  Values  are  in  ppm  KOH/g. 

(a)  (b)  Different  analysts.  Analysis  (b)  is  probably 
more  accurate. 
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1h«  t«n  rOHMrcial  fuels  have  been  evaluated  In  three  different  wear 
teats;  b«ll>on-cy Under,  four-ball,  and  Vickers  vane  punp.  There  is  a  general 
agreeswnt  anng  the  three  test  swthods.  Diesel  fuel  and  RAF-176-64  consistently 
rate  best  end  next  best;  JP-4  is  condderably  better  than  would  be  expected  from 
Its  viscosity;  FV-S23  and  MTB-3-6S  are  generally  the  poorest  in  wear  and  friction. 
The  results  are  discussed  below; 

(1)  Ball-on-Cylinder  Tests 

This  test  has  been  found  to  be  quite  sensitive  to  fuel  behavior.  Three 
values  are  swasured:  frictit'n,  awt^llic  concact,  and  wear. 

Friction  generally  correlated  well  with  wear  in  these  tests.  For 
example,  at  the  60  g  level,  diesel  fuel  (lowest  wear)  gave  a  steady  coefficient 
of  friction  of  abtxit  0.11  throughout  the  entire  run.  This  contrasts  with  PU-523 
(highest  wear)  which  gave  friction  values  oscillating  between  0.13  and  0.29.  At 
Che  240  g  level,  wear  and  friction  correlated  quantitative ' y.  Again,  diesel  fuel 
gave  a  constant,  steady  coefficient  of  friction  (0.13)  compared  to  fluctuating 
values  from  0.16  to  0.19  for  (V-S23. 

As  already  mentioned,  metallic  contact  at  the  60  g  level  was  more  an 
indication  of  stick-slip  and  bouncing  than  it  was  of  true  severity  of  operation. 

At  240  g  load  the  film  thickness  was  so  low  that  metallic  contact  existed  1007. 
of  the  time  for  most  fuels.  Only  for  the  three  best  lubr icants--d iese 1  fuel, 
RAF-176-64,  and  Bayol  3S--was  a  decrease  in  metallic  contict  noted. 

Tests  were  run  on  the  ten  fuels  at  loads  from  yj  g  to  1000  g,  at 
a  speed  of  240  rpm  (60  cm/sec)  and  for  a  32-minute  period.  The  wear  data  are 
presented  in  Table  IX, where  the  fuels  are  arranged  in  order  from  bad  to  good. 

The  last  two  columns  are  tests  run  all  on  the  same  cylinder  and  for  64  minutes. 

The  se  tests  eliminate  any  differences  due  to  cylinder-to-cylinder  variation, 
which  may  be  present  in  the  32-minute  tests. 

It  will  be  seen  that  the  Diesel  fuel  is  consistently  the  best  in 
lubricity.  This  is  to  be  expected,  for  this  fuv .  has  the  highest  viscosity, 
lowest  volatility,  and  has  by  far  the  greatest  amount  of  sulfur,  nitrogen  and 
acidic  compounds.  RAF-176-64  consistently  rates  second.  This  fuel  is  also 
high  in  sulfur  and  acidic  components.  Of  the  fuels  poorest  in  lubricity,  PW-523 
and  75-LN-LV  are  also  the  most  highly  refined,  with  low  sulfur  and  acidity. 
AFFB-3-65  and  RAF-173-61,  also  relatively  low  in  trac  constituents,  were  also 
poor  in  lubricity. 


A  fairly  good  correlation  appears  to  exist  with  aromatic  content. 
for  example  has  24.57.  aromatics,  /"ad  this  may  he  the  explanat.on  for  its  unex¬ 
pectedly  good  performance.  JP-5,  RAF-176-64  and  diesel  fuel  --  all  good  in 
lubricity  --  also  are  high  In  aromatics.  There  are  two  except ituis:  Bivol  15, 
which  is  completely  free  of  aromatics,  was  surprisingly  in  this  test;  pos¬ 
sibly  its  higher  viscosity  is  partly  reapoos  lb  le  .  75  L.*:  ■  '  1' .  whicii  is  fairly  hip’i 

in  aromatics,  107.,  was  one  of  the  poorest. 

It  is  ot'vious  that  the  components  most  responsible  for  cood  lubricity 
have  not  been  pin-pointed. 
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Th«««  run*  etcablLsh  •«ver«l  Inportcnt  points: 

•  fuels  differ  markedly  In  their  friction  and  wear  behavior. 

e  The  differences  are  apparently  more  a  function  of  polar  cctistituents 
than  bulk  properties,  but  this  Is  not  entirely  clear  cut. 

e  frictional  behavior  can  be  detemlncd  fria  the  wear  scar  for  non-* 
additive  fuels. 

e  The  ball-on-cylinder  machine  Is  a  useful  laboratory  device  for 
assesslnf  frictional  behavior  of  Jet  fuels. 

(2)  four-Ball  Testa 

Based  on  the  study  of  the  wcdr  behavior  of  cetane,  discussed  In  Section 
IV*2  above,  the  following  standardised  test  conditions  were  used. 

e  Test  loads  and  speed  hove  been  chosen  to  be  10  Kg  and  1200  rpm, 
respectively. 

e  The  equilibrium  wear  scar  requires  excessively  long  test  durations 
for  low  viscosity  fluids  and  Is  therefore  not  pursued. 

e  Five  test  durations,  15  tec,  1  aln,  4  nln,  15  oln,  and  1  hr, 
have  been  chosen  to  define  the  normal  wear  region  and  to  get  some 
Indication  of  the  level  of  Initial  wear. 

e  For  less  extensive  tests  three  test  durations,  4  irln,  15  aln,  ano 
1  hr  have  been  chosen  for  deteralnlng  the  normal  wear  region. 

•  A  test  temperature  of  97F  (3bC)  was  adopted  as  a  convenient 

temperature --somewhat  above  ambler.. --that  could  be  maintained  in 
spite  of  frictional  heating.  This  particular  temperature  was 
chosen  because  it  formed  tne  base  of  another  part  of  the  program: 
n-heptane  has  the  sa:ne  vl.  cosity  at  '<7F  as  JP-5  at  iOOF. 

Figures  18  and  19  are  log  pints  of  WSD  vs.  titse  and  show  the  relative 
perforMnee  of  the  ten  commercial  fuels.  The  data  are  suamarired  in  Table  X, 
which  gives  the  wear  race  (mta^/uin),  and  the  corresponding  WSD  at  60  minutes. 

Diesel  fuel  was  again  best,  as  would  be  expected,  and  RAF-Wb-bv  again 
second  best.  W-523,  75-LN-LV,  AFFB-3-65  and  RAF-l^d-bl  all  gave  rel.rtively  high 
wear.  .Again,  JP-9  outperforsiec  all  ocher  Jet  fuels  in  spice  of  Its  low  viscosity, 
possibly  because  Its  wide-cut  noture  permits  c  relatively  large  amount  of  high- 
lubrlolty  compounds. 

In  contrast  to  its  behavior  in  thi-  ba 1 1 -on-cy 1 Indcr  i.sts,  naphtha  in 
for  four-ball  test  gave  by  far  the  highest  we«r,  :'OSSibly  because  its  very  low 
viscosity  is  more  critical  in  this  test,  or  ti.e  rifects  of  evaporation  less 
marked.  Pas.'l  35  was  also  rel«;ivcly  poor  ii-^pased  to  the  bs  1 1 -on-t  v  .  i ;  ie  r 
results,  being  little  better  than  PW'-'>'’J. 
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There  appears  to  be  a  reasonably  good  correlation  with  arcmatic  content 
in  that  the  five  worst  fuels  have  3%  aromatics  and  the  five  best  fuels  have 
^  lOZ  aromatics.  However,  it  is  impossible  with  these  data  alone  to  decide 
definitely  which  of  the  many  variables  is  most  important. 

The  differences  in  the  behavior  in  these  two  test  methods  and  the 
anomalous  behaviour  of  certain  fuels  will  be  examined  more  closely  in  future 
work. 


Table  X 


Four-Ball  Wear  Results  for  Comwercial  Fuels 


10  Kg,  1200  rpm,  97F 


Fuel 

Wear  Rate 
mm^/Mln  x  10^ 

Calc 
W3D  at 
60  Min 

Vis/97F. 

cp 

Arom. 

/« 

Ac idi ty 
ppm  KOH/g 

S.PPm 

N,ppm 

Naphtha 

11.1 

1.44 

0.25 

1.9 

0.2 

135 

3 

AFFB-3-65 

3.0 

1.04 

0.98 

1.4 

1.4 

80 

4 

PW.523 

1.3 

0.86 

1.21 

1.6 

0.2 

'0.2 

1 

RAF-173-61 

1.1 

0.81 

1.70 

2.4 

0.3 

29 

'  1 

Bayol  35 

1.0 

0.80 

1.88 

0 

0.2 

'0,2 

'1 

75-LN-LV 

0.61 

0.70 

1.04 

10.1 

0.5 

'0.2 

2 

JP-5 

0.61 

0.70 

1.21 

15.6 

0.8 

162 

^1 

JP-4 

0.37 

0.62 

0.50 

24.5 

1.5 

34 

2 

RAF-176-6^ 

0.33 

0.61 

1.09 

15.3 

9.5 

560 

<1 

Diesel  Fuel 

0.18 

0.52 

2.18 

27.0 

120.0 

2300 

13 

(3)  Vickers  Vane  Pump  Tests 

(a)  Cottssercial  Fuels  Show  Marked  Differences  in  Pu.np  Wear 

Of  the  ten  commercial  fuels,  nine  have  been  tested  in  the  Vickers  vane 
pump.  The  naphtha  was  found  to  be  too  low  in  viscosity,  giving  essentially  no 
output.  JP-4,  because  of  its  relatively  low  viscosity,  could  only  be  tested  at  a 
slightly  lower  pressure  (300  psl)  and  lower  sump  temperature  (83F) ;  otherwise 
volumetric  efficiency  was  nearly  zero.  Test  data  are  shown  in  Table  XI.  As  In 
the  laboratory  rigs,  these  fuels  gave  a  very  different  pump  wear.  For  highly- 
refined  fuels,  such  as  PW-523  and  Bayol  35,  severe  wear  occurred.  The  total  wear 
amounted  to  approximately  5000  mg.  For  some  other  fuels  like  RAF-176-64  and 
diesel  fuel,  the  wear  was  very  mild,  •'  100  mg.  It  was  noted  during  the  tests  that 
for  fuels  giving  low  wear  (<  200  rag  weight  loss),  a  visible  deposited  film  was 
coated  on  the  rubbing  area  of  contact  and  might  accouni  for  the  wear  protection. 


A  aeries  of  pump  tests  were  carried  out  on  Bayol  35  at  a  sump  temper¬ 
ature  of  90F  and  outlet  preaaures  of  100,  200,  250,  320,  and  350  pslg  In  order 
to  Investigate  the  effect  of  pressure  on  wear  In  a  vane  pump.  The  test  data  In 
Table  XII  is  plotted  In  Figure  20  and  ahows  ring  wear  and  vane  wear  for  24'hour 
runs  as  a  function  of  pump  pressure.  Pressure  Is  an  Important  factor  In  a  vane 
pump,  because  the  load  of  the  vane  on  the  ring  surface  Is  mainly  from  the  back 
pressure  of  the  discharge  fluid  which  la  Introduced  to  cue  back  end  of  the  vanes. 
(The  load  from  Che  centrifugal  force  Is  estimated  to  be  only  about  15  pel.)  The 
load  for  the  sliding  contact  between  vanes  and  the  ring  surface  Is  therefore  a 
function  of  outlet  pressure.  As  shown  In  Figure  20,  wear  Increases  as  Che 
pressure  or  load  Increases.  An  abrupt  Increase  of  wear  occurs  at  a  pressure  of 
200-250  pslg.  This  Indicates  Che  probable  transition  from  rubbing  wear  to 
scuffing  wear.  From  Che  Talyaurf  data  shown  In  Table  XII,  It  can  be  seen  Chat  the 
surfaces  of  the  vanes  and  rings  were  rou^ened  as  a  result  of  wear.  The  degree 
of  roughening  of  the  surface  Is,  however,  not  directionally  consistent  with  the 
extent  of  wear.  Beyond  300  pslg,  the  rou^enlng  again  decreases.  It  may  be  that 
Che  presence  of  wear  debris  In  Che  system  causes  some  abrasive  wear  to  keep  the 
rubbing  surfaces  from  being  over-rou^ened. 

The  effect  of  temperature  on  the  aeverlty  of  wear  Is  not  clearly  defined 
In  these  data.  For  fuels  giving  severe  wear,  It  appears  that  wear  generally  In¬ 
creases  when  going  from  90F  to  125F,  In  the  case  of  PW-523  and  AFFB-3-65,  Che 
higher  temperature  runs  had  to  be  terminated  because  of  exc*«slve  wear  and  low 
voliuseCrlc  efficiency.  However,  for  chose  fuels  giving  mild  wear  such  as 
RAF-176-64,  75-LN-I.V  or  diesel  fuel,  Che  Increase  of  temperature  seems  to  further 
reduce  the  wear.  This  Indicates  that  these  fuels  ml^C  contain  trace  components 
and  that  the  anClwear  effect  of  these  becomes  more  pronounced  at  a  higher 
temperature.  The  abrupt  Increase  of  wear  by  Increasing  Che  sump  temperature 
from  90F  to  125F  Indicates  a  sharp  transition  from  mild  to  severe  wear. 

In  comparison  with  Bayol  35,  under  the  same  or  even  milder  test  con¬ 
ditions,  as  shown  In  Figure  20  and  Table  XII,  the  currently  marketed  Jet  fuels, 
JF-4  and  JP-5,  gave  less  vane  wear  and  ring  wear,  althotsgh  the  viscosity  of  JP-4 
or  JP-5  Is  considerably  lower  chan  Chat  of  Bayol  35  (0.54  cp  for  JP-4,  1.28  cp 
for  JP-5  and  2.06  cp  for  Bayol  35).  This  experimental  evidence  is  in  line  with 
Che  common  belief  chat  fuel  pump  wear  became  a  serious  problem  when  highly- 
refined  fuels  were  used.  This  also  Indicates  that  viscosity  Is  not  the  governing 
factor  In  wear  severity  In  the  Vickers  pump. 

With  JP-5  a  sticky  material  was  deposited  on  the  surfaces  of  the  pump 
parts.  The  deposits  became  heavier  at  higher  temperature.  It  appears  that  the 
wear  particles  may  be  adhering  to  this  sticky  material.  It  Is  postulated  that 
this  mixture  might  cause  some  abrasive  wear  so  that  the  surface  was  not  roughened 
but,  In  one  case,  even  polished.  The  lower  wear,  better  surface  finish,  or 
perhaps  the  sealing  effect  of  this  material  may  be  the  cause  of  Che  relatively 
higher  volumetric  efficiency  given  by  JP-5  as  shown  In  Figure  21. 
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(b)  Correlation  Bet%<een  Trace  Inpurlclea 
and  Pump  Wear  la  Indicated 

The  effeuw  of  vlacoglty  and  trace  coatponenta  In  fuela  on  pump  wear  wae 
Investigated  by  analysing  the  teat  data  by  means  of  Spearman's  rank  correlation 
method*  Each  fuel  la  ranked  as  1,  2,  3  *  *  .  for  each  variable  and  the  variables 
are  then  compared.  The  coefficient  of  correlation  ^ •  can  be  computed  for  two 
variables  which  are  hypothesized  to  oe  correlated.  The  calculated  coefficient, 
la  compared  with  the  given  acceptance  limits  to  determine  the  significant 
evidence  at  a  certain  confidence  level.  This  analysis  la  a  rank  randomization  test. 
It  Is  used  here  to  d-tect  whether  the  variation  of  wear  la  directionally  consistent 
with  that  of  viscosity  or  content  of  trace  components.  The  equation  for  computa¬ 
tion  and  the  computed  results  are  shown  In  Table  XIII. 

Viscosity 

The  viscosity  of  the  fuels  after  each  test  was  checked  and  showed  no 
appreciable  change.  Values  of  viscosity  at  any  specified  temperature  In  pump  tests 
were  therefore  Interpolated  from  the  analytical  results  given  In  Table  XI.  As 
shown  In  Table  XII(  under  these  test  conditions  no  significant  correlation  la 
detected  between  the  severity  of  wear  and  the  viscosity  at  the  sump  temperature.  A 
further  analysis  was  aiade  using  the  vlscoalty  at  the  outlet  temperature  which  la 
closer  to  the  bulk  fuel  temperature  Inside  Che  pump.  The  combined  test  data  at  two 
sump  temperatures,  excluding  those  with  very  short  duration,  are  tabulated  In 
Table  XIV.  The  result  still  falls  to  show  e  correlation  between  the  viscosity  and 
wear.  There  Is,  of  course,  a  correlation  between  viscosity  and  volussetrlc 
efficiency.  Excluding  these  runs  with  severe  wear  (<3000  mg  ring  wear)  which 
caused  the  excessive  loss  of  volumetric  efficiency,  a  linear  relationship  between 
the  viscosity  and  volumetric  efficiency  is  Indicated  In  Figure  22.  The  linear 
correlation  coefficient  was  computed  to  be  0.91,  showing  significant  correlation 
at  997.  confidence  level.  The  line  of  regression  was  thus  determined  and  Is  also 
shown  In  Figure  22. 

Polar  Components 

In  general,  the  less-highly-ref Ined  fuels  had  isore  polar  rompooeots  of 
all  kinds:  aromatics,  sulfur  and  nitrogen  compounds,  and  organic  adds.  Not  sur- 
prlngly,  a  good  correlation  was  found  between  wear  and  each  of  these  polar  con¬ 
stituents.  This  is  given  in  Table  XIII.  Thus,  Bayol  3S  and  PW-523,  which  h.ad 
negligible  sulfur  content  (<0.2  ppm)  gave  the  highest  wear.  Diesel  fuel  {23(X) 
ppm)  ar.ri  RAF-I76-64  (560  ppm)  had  Che  highest  sulfur  and  the  lowest  wear. 

SimM.:i4/,  .'or  acidity,  diesel  fuel  and  RAF-l 76-66  were  the  only  fuels  having  a 
neutralization  number  ahove  0.005  mgKOK/g,  and  gave  the  lowest  wear.  Acidity  in¬ 
creased  only  slightly  in  any  of  the  tcata,  indicating  that  oxidation  waa  negli¬ 
gible. 

The  beat  correlation  appears  to  be  with  aromatic  content.  All  fuels  con¬ 
taining  2Z  aromatica  gave  severe  wear.  Those  fuels  containing  T  lOl  aromatics 
gave  rather  aatiafactcry  perforam.nce  . 


It  should  be  borne  in  mind,  hcmover,  that  these  res  ilt*  do  not  establish 
a  cauae-and-effect  relatl  r'nahip  between  a  polar  constituent  and  wear,  however  rea¬ 
sonable  it  ma}  Seem.  Thus,  although  certain  acida  can  reduce  wear,  it  uoes  not 
necessarily  follow  that  all  acids  can  do  so.  Similarly,  although  sulfur  compounds 
are  widely  used  as  EP  adoitivcs  in  lubricanM.  it  does  not  aman  that  the  sulfur 
compounds  found  in  jet  fi.<el  have  aoClwxar  properties.  The  various  components  ccm- 
priaing  "p°l*c  impurlries"  must  be  isolated  In  future  invest Igat Iona . 


TABLE  XIII 


Wear  vs> 
Wear  va- 
Wear  vt. 
Wear  vt. 
Wear  ve. 
Wear  vt. 
Wear  vt. 


*2^,  - 
where  d 


BAMK  cqmELATION  FOR  TEST  DATA  FROH  VICKERS  PUMP  TESTS 
Acceptance  Ll.ltt:  y's.0.05  “ 


Sump  Temperature 

*r 

Evidence  of  Siitnlflcance 

Vitcotity 

90 

0.12 

No 

Viecotity 

125 

0.03 

No 

ppm  S 

90 

0 . 66 

Significant  at 

95%  A.L. 

ppm  S 

125 

0.76 

Significant  at 

957.  A.L. 

NeuC.  No. 

90 

0.81 

Significant  at 

957  A.L. 

X  Aromatics 

90 

0.85 

Significant  at 

V97.  A.L. 

X  Aromatics 

125 

0.89 

Significant  at 

907  A.L. 

1-  ;  t-7.  5  d^ 

n(n*-l)  ^ 

-  the  difference  of  numerical  ranks  of  two  corresponding  vtriablei. 


n  «  number  of  fuels  ranked. 

(C.  W.  Snedecor's  "Statl5tK»l  Methods,"  p.  16i) 


TABLF.  XIV 


Diesel  Fuel 
RAr-173-6i 
Bayol  35 
Diesel  Fuel 
JP-5 

RAF-173-61 
RAF  176-64 
PW523 
75  LN-IV 
AFF8*3-65 
JP-5 

75  U'-LV 

HAF-176-64 

JP-4 


Viscosity  vb. 
Viscosity  vs. 
Viscosity  vs. 


r 


Vlt'COSir-  vs  VOLUKETRIC  EFFICIENCY  AND  WEAR 


Outlet  Viscosity  Volume  Wear^  mg 


Temperature  F 

CP  Efficiency  7. 

Ring 

Vane 

94 

2.30 

61 

4 

0 

103 

1.60 

57 

235 

31 

115 

1.55 

24 

5150 

204 

136 

1.36 

43 

4 

6 

94 

1.23 

43 

561 

85 

144 

1.10 

16 

4240 

294 

9b 

1.10 

48 

39 

0 

110 

1.10 

26 

4944 

100 

104 

0.91 

37 

200 

50 

106 

0.90 

26 

3656 

661 

134 

0.88 

30 

1119 

11 

136 

0.7£ 

26 

127 

0 

142 

0.77 

18 

39 

0 

104 

0.47 

18 

157 

3 

Spearman  ' 

Rank  Correlation 

Accef^tance  Liait 

*  s,  0.05 

0.456 

/  s.  0.01  * 

0.645 

Rin^  Wear,  '/  •  O.U,  Sc 

Correlat ion. 

Vane  Wear,  ^ ^  •  0-25,.  No 

Correlation. 

Vol  Efiicleacy,  ^  '  0- 

62.  Significant 

at  95%  A.L. 

-  C  i  - 


VISCOSITY,  cp 


FIGURE  22  VICKERS  PUMP  VOLUMETRIC  EFFI'^IENCY  VS .  VISCOSITir 

s' 

i 


-  62  - 


(c)  Friction  Ip  ruaap  Variot  for  Different  fuel* 

A  difference  of  pump  outlet  temperature  for  verious  fuels  tested  at  the 
sane  S'lup  temperature  and  pressure  ves  evident*  The  variation  of  the  t'*apcraturo 
gradient  between  the  inlet  and  outlet  of  the  pump  iadlcari.s  the  difference  of 
friction  for  various  fuels  in  pump  operation*  The  power  lose  (A  Fp)  due  to 
friction  was  estimated  by  an  energy  balance  using  such  test  data  ss  the  t'jnp 
temperature  (Tg) ,  outlet  temperature  (Tq)  .  pumping  preesure  (F) ,  fuel  der:.aity 
(  ^  ),  pumping  rate  (V): 


frictional 
power  loss 


A  -  V  jc  p  (T  'T  )  J  -  144  pl  +  J  (h  <-  h  )  A  (T  -X  )  (1) 

F  l^pj  os  J  c  r^'c's 

C  is  the  specific  heat  of  varloua  fuela  and  is  obtained  from  the 
gineralized  chart  on  page  93  oC  Maxwell's  "Data  Soak  on  Hydi jcarbcna*" 

J  is  Che  heat-energy  convert  factor* 

(hj.  +  hj.)  is  defiViC  ..a  th<»  consto*  .ed  coefficient  for  convection  «nd  radiation 
(Perry's  Hand'-ook  ci  Cnealcai  F;.gir  iering.  Third  Edition,  p.  474). 

A  is  thf>  exooseO  ^rea  for  neat  Iocs. 

T^  If  t  a  amblert  tamp“raturf . 

The  frlcti  n  forc'^,  F,  can  then  be  evaluated  from 


heat  abaorbed 
by  fluid  per  unit 
tlate 


rate  of  haat  lost 
to  surroundinga 


where  U  is  Che  lls'er  velocity  of  rotation.  The  load  of  the  vanes  on  the  ring 
surface  .s  mainly  front  the  back  pressure  of  the  discharged  fuel.  Since  in  the 
discharge  cycle  the  pressure  is  counterbalanced,  only  the  six  vanes  in  Che  suction 
cycle  are  leader;.  Baaed  on  this  Information,  the  total  load  and  then  the  coeffi¬ 
cient  of  friction  can  be  evaluated. 

Tl'iese  computed  values  of  friction  are  tabulated  in  Table  The 

coefficient  of  friction  ranges  from  0.05  to  0.41,  Thes“  leoultc  indicate  that  tSiie 
friction  is  generally  high  when  severe  wear  occurs.  However,  there  are  exceptions. 
75  LN-LV  fuel  and  JP-4,  for  Instance,  gav*  a  friction  coafficlt..t  >0.3,  The  wear 
for  both  fuels  was  vather  low.  It  appears  that  the  anti-ecufflng  effect  prevails 
as  long  as  a  surface  protective  film  Is  present  on  Che  rubbing  aree,  but  this  film 
is  not  necessarily  effective  in  reducing  friction. 


There  se^is  to  be  a  general  tendency  for  friction  to  iiicrei-.se  at  a  higher 
tewperature  for  most  fuels  with  the  one  exception  of  75  LV-LH  which  had  lower 
friction  at  the  higher  temperature.  It  is  interesting  to  uote  that  this  same 
crfect  was  observed  for  additive  fuels,  as  noted  later.  This  agwic.  indicates  that 
the  frictional  behavior  ot  fuels  containing  additives  is  quite  unpredictable,  even 
though  they  all  show  a  pronounced  aviiCi-wear  effect. 


tAlLS  XV 


iwqiffl.BATA.fauagam  ?j*gjs§Ts 

p  «  i50  ptig 


Pover  Losa 

Sunp  Due  to  Friction  Frlctioii  Coefficient  of 


Tswnersture.  F 

fc-lb/sec 

lb 

Friction 

Dlsacl  Fuel 

90 

84.0 

7.2 

0.07 

125 

251.0 

21.6 

0.22 

Bcyol  33 

90 

460.7 

39.6 

0.41 

IUF-173-61 

90 

260.0 

22.3 

0.23 

125 

276.0 

23.8 

0.25 

PW-525 

90 

395.7 

34.0 

0.35 

JP-5 

90 

59.0 

5.1 

0.05 

125 

192.0 

18.3 

0.19 

RAF' 176 -64 

90 

146.2 

12.5 

0.13 

125 

210.0 

20.0 

0.21 

.  5  m-tv 

90 

367.4 

31.6 

0.32 

125 

165.0 

16.0 

3.17 

APrB-3-65 

90 

289.2 

24.8 

0.26 

JP-4 

84<^> 

287  4 

24.7 

0.30 

(l)At  300  pslg  pressure 


(d)  The  Ring  Surface  Softened 
After  Severe  Wear _ 

The  two  rubbing  surfaces  of  the  puap  cartridge  are  aade  of  deep-hardened 
alloys  with  a  hardness  of  Rockwell  "C“  60  and  a  high  resistance  tc  weir,  ine  v<ui» 
la  made  of  a  molybdenum  base  tool  steel  having  a  high  resistance  to  softening  at 
high  temperature.  The  ring  was  made  of  deep  hardened  bearing  steel  having  a  low 
realstance  to  softening  at  high  temperature  (>300F).  The  )«ardaess  of  the  wear 
surface  of  the  vane  was  measured  after  the  test  and  found  to  have  undergone  little 
change.  In  contrast,  a  decided  change  In  the  hardneta  of  the  rings  'was  uoted.  It 
was  also  found  that  the  hardness  et  various  spots  on  the  wear  surface  varied  over 
a  wide  range.  A  macro  etching  procedure  waa  employed  to  Identify  the  variation  of 
hardness  on  the  metal  surface,  using  a  Kltal  solution  (A%  HMO3  In  alcohol).  At  au 
lllustrr tlon,  a  micrograph  of  a  segment  of  the  etched  ring  from  a  pump  test  using 
AFFB-3-65  fuel  Is  shown  In  Figure  23.  The  dark  area  la  the  softmed  region,  having 
a  Rockwell  "C"  40~52  hardness,  while  the  light  area  shows  only  a  satall  change  of 
hardness  (Rockwell  '’C"  The  reason  for  this  nonunlfomlty  of  hardness  is 

unknown.  The  values  of  hardness  for  wear  surfaces  of  rings  from  pump  tests  using 
various  fuels  are  listed  In  Table  It  Is  Interesting  th  the  severity  of  wear 

can  be  estimated  from  the  lowest  value  of  hardness:  A  ring  surface  softened  to  45 
Rockwell  C  or  less  Indicates  severe  wear;  one  softened  to  55  Rockwell  C  indicates 
mild  wear.  When  there  was  very  little  wear  (e.g.,  dleael  fuel  tested  at  vOF,  sump 
temperature),  the  hardness  of  the  ring  was  practically  unchanged.  It  is  known  that 
this  alloy  does  not  soften  appreciably  below  a  temperature  of  300F,  which  is  con¬ 
siderably  higher  chan  Che  hulk  fuel  temperature  In  any  tests.  This  Is  good  evidence 
chat  a  local  high  temperature  on  the  rubbing  surfaces  was  developed  due  to  the 
metal-to-metel  contact.  It  Is  therefore  pcstul£ted  Chat  In  severe  wear  Che  ring 
surface  was  softened  by  the  high  local  temperature  and  then  scoring  occurred  due  to 
Che  difference  of  hardness  between  the  ring  and  the  vane  which  could  retain  Its 
hardness  at  such  a  high  temperature.  The  presence  of  a  surface  protective  film 
minimized  Che  metal-Co-metal  contact,  so  that  the  ring  was  softened  to  a  lesser 
extent.  This  might  contribute  to  the  reduction  of  wear. 


FIGURE  23  ETCHED  RING  SEGMENT  -- 
VICKERS  PUMP  TEST  WITH  AFFB-3-65  (X5) 


!!.\M)NE88  OF  RIWCS  Am>  PIWP  CTSTS 


Sunp  Hardneit.  Bocto^ll  ‘‘C*’  ,  Ring  Wwir 

Tenoernture.  *F  Dnrk  Light  mil 


Bayol  35 

90 

44-47 

56-60 

5150 

PW-523 

90 

39-50 

56-59 

4944 

RAF-173-6L 

125 

44-50 

55-60 

4240 

AFFB-3.65 

90 

44-52. 

.5  57.5-60 

3656 

JP-5 

125 

44-51 

53-57.5 

1119 

JP-5 

90 

51-56 

57-59 

561 

RAF-173-61 

90 

51-56 

58-59 

235 

75  LK-LV 

90 

54-60^^^ 

200 

JP-4 

84 

54-59.5^^^ 

157 

75  LN-LV 

125 

55-59.5^^^ 

127 

RAF-176-64 

90 

53-58 

58.5-59 

67 

Diesel  Fuel 

90 

57-59<2> 

4 

Diesel  Fuel 

125 

55-59.5^^^ 

4 

New  Ring 

- 

58-59.5^^^ 

- 

(1)  Etched  area. 

(2)  Dark  and  light  areaa  not  dlsttngulahable 


2.  trrwcT  or  tbace  cohpokemts.  viscosity  and  temperature 


«.  Effact  ot  Tmc<  Cowpoundt 


(1)  Gjot  !  Con*td<f  ttoo» 


Wuit«v«r  lubrlenttng  prupartlct  are  poaaeaaed  by  coomerclal  Jet  fuels  are 
often  aitiributed  to  the  preacncc  of  conpounds.  These  Include  almost  all  species 
present  iu  a  blend  aside  from  paraffinic  and  naphthenic  entitles.  Thus,  compounds 
containing  hetero  atosM  (e.g.,  S,  N,  0)  as  well  as  oleflnlc  and  aromatic  materials 
are  included  in  this  category.  The  test  results  for  additives  down  to  the  IS  ppm 
concentration  level  presented  earlier  In  this  report  certainly  indicate  that  the 
presence  of  minute  asMMnts  of  polar  constituents  In  hydrocarbon  fuels  favorably 
affect  their  lubricity  properties. 


One  phase  of  this  study  Is  therefore  to  determine  the  effect  of  various 
polar  conpounds.  T^o  appt.'«aches  are  being  followed:  (1)  Various  aromatics,  sulfur, 
nitrogen  and  oxygen  compounds  are  added  to  a  pure  hydrocarbon  to  note  their  effect. 
The  sulfur  and  nitrogen  compounds  are  those  known  to  exist  In  petroleum  crudes  from 
analytical  work  carried  out  by  API  Research  Projects  48  and  52.  The  oxygenated  com¬ 
pounds  cover  those  that  may  result  from  alr-oxldatlon  of  the  fuel.  (2)  The  fuels  are 
extracted  to  separate  the  polar  compounds,  and  attempts  made  to  Identify  the  most 
active  constituents.  Sone  exploratory  work  has  been  started  along  both  these  lines. 


(2)  Effect  of  Added  Nitrogen  and 

Sulfur  Compounds  on  Cetane  Lubricity 


A  list  of  the  compounds  tested,  together  with  their  molecular  structures 
and  boiling  point,  is  shown  in  Table  XVII.  These  include  sulfides,  disulfides, 
mercaptana,  ring  sulfur  compounds,  aliphatic  and  aromatic  amines  and  rlng-nltrogen 
conpounds. 


Ball-On-Cyllnder  Results 


The  ball-on-cy Under  machine  was  used  to  study  the  lubrication  character¬ 
istics  of  the  organic  sulfur  and  nitrogen-containing  compounds  listed  in  the  above 
table.  Solutions  of  sulfur  and  nitrogen  compounds  In  cetane  were  prepared  at  17.  S 
or  N  (by  weight)  In  all  cases  in  which  the  solubility  was  high  enough.  The  per¬ 
tinent  data  at  the  end  of  the  test  are  summarized  in  Tables  XVIIl  and  XIX. 


No  reduction  In  X  metallic  content  was  noted.  Indicating  that  none  of 
these  compounds  formed  an  Insulating  layer  on  the  rubber  surfaces.  Likewise,  wear 
In  all  cases  was  as  high  or  higher  than  with  cetane  alone.  Certain  of  the  compounds 
did  reduce  friction  however,  giving  lower  values  and  less  erratic  traces.  These  were 
the  two  mercapt.-.  dlbutyl  aulfide,  and  phenothlazlne . 

Phe  nothiazlne  Is  only  very  slightly  soluble  In  hydrocarbons  and  therefore 
was  present  only  In  a  very  low  concentration.  Therefore,  some  of  the  other  compounds 
were  tested  at  concentrations  lower  than  17..  These  tests,  sunsnarized  In  Table  XIX, 
smrcly  confirm  that  the  compounds  have  no  effect  on  metallic  content,  tend  to  be 
pro-wear  and  reduce  friction  only  slightly. 

TVro  of  the  compounds  were  also  tested  at  lower  concentrations.  These 
data  are  given  In  Table  XIX. 


Table  XVH 


Nitrogen  and  Sulfur  Coapounda  Added 


Coooound 

Structural 

Fomla 

Benzothiophene 

Benzyl  Mercaptan 

Butyl  Diaulflde 

C4H9-8-8-C4H9 

Dlbutyl  Sulfide 

Octyl  Mercaptan 

CbHitSH 

H 

Carbazole 

Naphthylaalne 

X  ^ 

Phenothlazlne 

Quinoline 

Tri-n-butyla«ine 

(C4H9)3N 

B.F..  •c.  (7^m.) 


221*C. 

m*c. 

226* 

182*C. 

198* 


355‘C. 


300*  (Sub.) 

371* 

237* 

216* 
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TAXU  mil 


WAI  AMD  nxcnoi  111  BALL-OM-CYLIMDBt  APPAXAItlS  POt 
CBIMK  OOWAIMIMG  iVUVH  AMD  CTnOCPI  COMPOUMPS 


fo— Quad 

(240  rpa 

..  240  t..  32  ain.) 

X  Matalllc  CoafflciaoC 

Contact  of  Friction 

Uaar  Scar 
Diaaatar 

IrasodiloplMM 

92 

0.11 

0.26 

•Mwyl  Mreapeaa 

93 

O.ll 

0.26 

Butyl  dlaulfida 

94 

0.14 

0.26 

Dlbutyl  aulfld* 

97 

0.11 

0.24 

Octyl  Mreaptaa 

96 

0.12 

0.24 

Carbasola* 

95 

0.11 

0.27 

Naphthyl autoa* 

95 

0.13 

0.19 

Phanothlaslna* 

91 

0.11 

0.26 

Quinoltaa 

92 

0.13 

0.26 

Trl>ii>butylaaliM 

96 

0.16 

0.28 

Catana  (avaraga  of  thraa 

ruoa) 

93 

0.13 

0.21 

*  Solubility  liBltationa  pravantad 

tha  preparation 

of  a  IX  aolutlon; 

phanothlazi 

which  contalna  both  S  aaA  M,  was  ruo  aa  a  aaturatad  aolutton  (Icaa  than  IX  S 


K)  whlla  carbasola  and  naphthylanloe  ware  run  aa  alurrlea. 
aolublltty  waa  aMrslnal  (i.a.,  auch  laaa  than  IX). 


or 


In  all  three  caaea, 


TABiJi  nx 

EIT8CT  or  SULPnt  AMD  triTIOGEM  COHFOUW>S 
CONCCMTIATIOM  OEFEMDDCE 


Coapownd 

CX  Wt.  S) 

X  Metallic 
Contact 

Coefficient 
of  fraction 

Ucar  Sc 

Diaacter 

Dibutyl  aulfida 

IX 

97 

0.11 

.26 

0.22X 

94 

0.15 

.19 

0.022X 

94 

0.13 

.20 

Octyl  Mercaptan 

IX 

96 

0.13 

.24 

0,22X 

93 

0.13 

.23 

0.022X 

90 

0.13 

.20 
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(b)  Four-Ball  Tg«t« 

SoB»  Sulfur  Cowpouadt  Iwprov*  Bcuff-Load 

The  MBC  coapouiula  havt  bc«a  t«ae«4  on  tba  four-ball  nonaal  waar  taacar 
at  loada  up  to  80  kg.  It  appaara  that,  at  thaaa  aora  arvara  contfttlooa,  cartain 
aulfur  coa^unda  raduea  aeufflng  waar,  although  thay  hava  no  affact  oc  rubbing 
waar.  Thaaa  Includa  banayl  and  octyl  aarcaptan,  dlbutyl  aulflia,  aad  butyl 
dlaulftda. 

Flfura  24  la  a  llnaar  plot  of  waar  acar  dlaaatar  vs.  load  for  IT  aulfur 
aolutlons  of  butyl  dlaulflda  and  cctyl  aarcaptan  in  cataaa  coaparad  to  catana 
Itaalf.  The  reduction  In  waar  acar  dlaaatar  la  capac^ally  narked  at  hl^  loada 
whan  aeufflng  occurred  with  the  baac  fuel.  The  butyl  dlaulflda  aolutloa  alao 
ahowa  Icaa  waar  chan  pure  cetane  at  ll^c  loada.  Table  ZXI  llata  the  wear  acar 
dlaaetara  for  all  aolutlona  at  gixTu  loada. 

It  appeara  that  tha  type  aulfur  compound  idtlch  could  be  efface ive  In 
thcae  reglnea  la  either  of  the  aercaptan  aulfur  or  dlaulflda  type.  Thla  ‘a  not 
unexpected  aince  Chaae  aatcriala  would  be  wore  reactive  to  aatal  aurfacea  i.''en 
noooaulfldaa  or  ring  aulfur. 


Two  Nitrogen  Coapouada  Decreaae  Wear  but  Hot  Scuffing 

Several  nitrogen  coa^unda  that  could  be  trace  coaponanta  In  jet  fuela 
were  alan  teated,  again  at  IX  M  concentration.  Two  auch  coaipounda,  naphthylaalaa 
and  quinoline,  ware  found  to  locraaaa  Che  acutf  load  beyond  35  kg.  ac  ahown  in 
Table  XZ  below.  HoMvcr,  none  of  Che  nitrogen  coapounda  laproved  aeufflng  wear  at 
loada  greater  than  35  kg.,  aa  did  Che  aulfur  coaipounda  nen^looad  above.  Coapletx 
data  are  given  In  Table  XXI I . 

Tabla  XX 


Four-Ball  Wear  Scar  Dtanctcra 
nitrogen  Ccayounda  In  Cetane 


<1800  rpa  77*r. . 

f Ivc-alnute 

teata) 

Wear  Scar 

Dlaawtcr.  ai 

Additive  In  Cetane 

35  kg 

50  kg 

Konc 

C.90 

1.70 

Haphthylaai.iM 

0.33 

2.10 

Qulnol Ine 

0,32 

1.90 

VT.Kn  SCAK  DIAJliTf  H  VS.  LOAD  FOR  SULFUR-CONTAINING  COMPOUNDS  ON  I  OUR -HALL  TESTER 
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(d)  Bf£<ct  on  LuWirictty  of  t— oval  of  Polar  8pecl«a 

£q  htghl:r'’refin«td  fual*  thlc  "polar"  eoaponent  la  quit#  iMll,  uaualljr 
l««s  chan  axcftpt  for  aronaClca.  The  problea  of  lovescigatlnt  the  effect  of 
such  i3£Ssr*ei«  on  fuel  lubricity  cao  be  conaidered  In  the  Follovlng  aamier.  Pirat, 
Che  polar  cewiponent  can  be  rwoved  Item  the  fuel  and  Che  li^rlcity  preperCiea  of 
Che  treated  and  untreated  fuels  coapared  to  dateraine  the  iaportanee  of  such  a 
trestaent.  Second,  In  Che  event  that  a  algnlficant  dlffarenee  la  uncovered  for  the 
nonpolar  fuel,  the  ectual  laolatlca  cod  Identification  of  tha  polar  coapounde  and/ 
or  the  blending  of  eultable  polar  aaterlala  into  treated  fuel  vlll  ellow  e  direct 
deteralnation  of  the  fuel  lubricity  coaponenta. 

In  the  experiaentc  done  to  date,  the  hydrocerbon  wee  peeaed  throuj^  a 
three-foot  high,  one-inch  I.C.  coluao  packed  vlth  silica  gel.  The  coluan  wee 
packed  and  quickly  covered  with  the  hydrocarbon  to  ba  treated.  Percolation  wae 
contitii^ed  until  one  liter  had  been  added  to  the  colum.  This  coluat-treated 
aatetlal  vas  used  in  vsrioua  friction  and  wear  tests,  after  which  the  polar  eoa- 
ponen':  adsorbed  at  the  top  of  the  colunn  waa  eluted  with  e  30%  aethenol-SOl 
acetone  solution.  The  aceConc-Bethaaol  was  driven  off  under  vacuus  and  slid 
heating  Co  free  the  "polar  conponent"  fraction. 

In  the  initial  experinents  in  thia  seriea,  Che  pcrforaance  of  diesel  fuel 
was  evaluated.  The  diesel  fuel  has  been  shown  to  contain  the  highest  eaount  of 
sulfur  and  nitrogen  of  the  fuels  Co  be  tested  in  this  progrsn  and  Is  also  highest 
in  acidity. 

After  silica  gel  percolation,  analysea  wore  sMde  to  detenalne  Che  effect 
of  the  treatoenC  on  Che  chemical  composition  of  the  fuel.  These  Include  sulfur  end 
nitrogen  content  and  infrared  and  NHR  spectra  of  the  original  matarlal,  tha  pareo- 
laCed  fuel,  and  the  polar  material  desorbed  from  the  eoltan. 

Table  XXIll  below  shows  Che  effect  of  column  treatment  on  sulfur  and 
nitrogen  content: 


TABLE  XXIII 


Silica  Gel  Resmoves  Sulfur  and  Nitrogen  Compounds 


f'- 

Original 

Silica  Gel-Treated 

Column 

i. 

Diesel  Fuel 

Diesel  Fuel 

Eluate 

Sulfur  Content,  ppm 

2,300 

0.6 

15,700 

i 

Nitrogen  Content,  ppm 

14 

1 

18 

The  above  data  indicate  that  tbt!  sulfur  has  been  effectively  concen¬ 
trated  In  Che  polar  component  (a  sevenfold  concentration  of  the  original  fuel 
would  yield  a  value  of  16,000  ppm  in  the  eluate  if  it  were  completely  removed). 
In  Che  case  of  nitrogen,  Che  situation  is  not  clear  since  the  method  of  nitrogen 
analysis  alar  utilized  a  colusn  treatment  to  concentrate  the  nitrogen.  These 
analyses  are  being  repeated.  However,  the  analyses  do  Indicate  that  the  more 
polar  nitrogen  compounds  have  been  removed  from  Che  treated  fuel. 
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ka  «ecariit«  Me«rl«l  ImImic*  an  eh*  dluMl  fuel  has  not  b«cn  obtaliMd 
4<m  to  MfcriataCal  4ifflleulei«*.  Th«  Mfchod  of  tvaporACiRg  ch*  aluting  aolvenc 
tnm  eh*  polar  coapoeane  aay  hav*  raaulcad  in  eh*  loaa  o  aone  of  eh*  lighter 
■atarlalft  in  ehia  fraction.  Fueur*  axparlianca  vill  b«  daaigntd  ao  aa  Co  avoid 
Chi*  difflcitlcy. 


hall'on^cylindor  tasea  have  baan  run  on  Che  original  dieael  fuel  and 
each  of  Cu«  two  fraction*.  The**  reaulta  are  given  in  Table  XXIV. 


TAMJt  XXIV 


Ball-on-Cylindet  Results  for  Extracted  Diesel  Fuel 
(240  rpei,  32  win.) 


Coefficient  of 

Friction 

Wear 

Scar  Diameter,  mm 

Treecaent 

Load ,  g:  60 

240 

1000 

60 

240 

1000 

None 

0.12 

0.13 

0.14 

0,21 

0,25 

0.30 

Silice-Gel  Extracted 

0.22 

0o20 

0.16 

0.24 

0.30 

0.42 

Eluate 

0.08 

0.13 

0.12 

0.36 

0.47 

0.48 

The  reaulta  are  aoraewhat  aurprlaing.  The  friction  reaulcs  are  normal, 
with  the  polar  eluate  giving  lesa  friction  than  the  whole  fuel  and  the  purified 
fraction  giving  wore  friction  and  very  erratic  traces.  But,  the  wear  scare  do 
not  ahow  a  slailar  trend:  Both  the  extracted  material  and  the  eluate  gave  more 
wear  than  Che  whole  fuel.  One  reaaonable  explanation  of  this  is  as  follows:  The 
absence  of  polar  impurities  in  Che  extracted  portion  causes  high  friction  and  wear; 
Che  concentration  of  these  polar  impurities  in  the  eluate  gives  low  friction 
because  Che  impurities  react  with  the  surface  to  give  an  easily  smearable  layer; 
this  layer  is  easily  worn  away,  however,  giving  higher  wear.  This  is  reinforced  by 
data  on  the  metallic  contact  wh^ch  was  considerably  lower  for  Che  column  eluate 
chan  the  whole  fuel,  both  at  60  and  240  g  loads.  This  Indicates  some  kind  of 
surface  reaction  which  may  account  for  >.he  higher  wear.  The  behavior  of  the 
extract  to  give  low  friction  hue  higner  wear  is  similar  to  that  of  certain  ad¬ 
ditives  in  JP-4,  as  will  be  discussed  in  Section  V-4, 

The  second  experiment  in  Che  secies  Involved  the  silica-gel  treatment  of 
n-cetane  followed  by  tests  similar  co  those  described  above.  Ttte  cetane  was  of 
ASTM  purity  (Humphrey  Chemical  Company,  97.57.  C.,)  and  was  passed  through  Che  same 
column  described  previously.  (An  i.itense  yellow  band  developed  at  Che  top  of  the 
coluom  during  treatment.)  The  first  100  cc  cf  treated  cetane  were  immediately  run 
in  the  ball-on-cyltnder  machine;  the  rest  of  the  cetane  was  taken  off  using  n- 
pentane,  and  finally  Che  yellow  band  which  had  developed  at  Che  Cop  of  Che  column 
was  eluted  with  Che  50%  aceCone-50%  methanol  solution.  The  yield  of  "polar”  com- 
poneiit  ir  Che  cetane  was  approximately  0.8%.  The  yellow  column  eluate  was  con¬ 
centrated  and  separated  into  two  layers.  Both  samples  were  analysed  via  their  UV 
spectra.  The  top  layer  was  identified  as  a  primarily  long  chain  ketone,  similar  to 
2-meChyl-3  decanone,  the  longest  chain  ketone  of  known  spectrum.  It  is  quite  con¬ 
ceivable  that  this  material  is  a  C  .  ketone,  an  intermediate  in  oxidative  breakdown 
of  (.-cetane.  The  lo%wr  layer  was  ^ry  similar  to  this  material  with  Che  only 
obvious  difference  being  Che  presence  of  water.  It  is  assumed  that  these  two  layers 
are  a  long  chain  ketone  solution  and  the  long  chain  ksCone  itself. 
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The  bell  •on-cylinder  test  condieione  ueing  cetene  end  treated  cetane  are 
almllar  to  those  described  praviously  for  diesel  fuel.  (Due  to  tu«i  snail  anount 
of  material,  no  lubricity  tests  were  made  on  this  eluted  '*polar"  component.)  The 
major  differences  are  (1)  the  lubricity  testa  were  made  immediately  upon  passage 
through  the  silica-gel  and  (2)  the  effect  of  bubbling  pure  nitrogen  gas  through 
the  system  under  teat  was  investigated.  In  one  case  the  treated  cetane  was  pre¬ 
equilibrated  with  Nj  in  a  conventional  gas  bubbler  while  in  the  other  test  M-  was 
simply  passed  through  the  solution  while  the  ball-on-eylinder  test  was  in  progress. 
As  shown  in  Table  XKV,  there  seems  to  be  little  advantage  to  this  pre-equilibration. 

TABLE  XXV 

Ball-on-Cy Under  Results  for  Extracted  Cetane 
(32  min.,  77*F.,  240  rpm) 


Coefficient  of  Friction 

Vtear  Scar  Diame 

tar.nmi 

Load,  gs  60 

120 

240 

m. 

m. 

Cetane 

0.09 

0.16 

0.16 

0.20 

0.26 

0.40 

Silica-Gel  (1) 
Treated  Cetane 

0.13 

0.25 

0.19 

0.22 

0.61 

0,83 

Cetane 

0.15 

0.16 

0.16 

0.21 

0.26 

0.40 

Silica-Gel  (2) 
Treated  Cetane-N^ 

0.14 

0.15 

0.16 

0.21 

0.41 

0.68 

Silica-Gel  (3) 
Treated  Cetane-N2 

0.13 

0.15 

0.16 

0.22 

0.40 

0.70 

Silica-Gel  (4) 
Treated  Cetane 

0.14 

0.15 

0.17 

0.31 

0.37 

0.74 

(1)  Ball-on-cyllnder  test  run  immediately  after  column  treatment. 

(2)  Test  made  after  one  hour  equilibration  of  cetane  with  followed  by  N2 
bubbling  during  run. 

(3)  Test  made  while  bubbling  into  solution  without  pre-equilibration. 

(4)  Test  made  on  treated  cetane  24-48  hours  after  column  treatment. 

Two  cetane  runs  are  reported  since  two  different  cylinders  were  used  in 
this  series.  With  the  exception  of  an  imusually  low  coefficient  of  friction  at 
60  g  for  the  first  cylinder,  the  results  Indicate  good  reproducibility  of  the 
lubricity  data. 

One  obvious  conclusion  is  that  wear  is  greater  in  the  silica-gel  treated 
solutions  at  loads  in  excess  of  60  g.  Surprisingly,  there  is  little  change  in  the 
coefficient  of  friction  throughout  this  series  with  the  only  significant  difference 
seen  in  the  silica-gel  treated  material  which  was  rw  iMediately  after  coluen 
treatment. 
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The  solution  ylotdlns  the  groatost  saount  of  iraar  Is  tha  ona  tastad 
iwwdiataly  after  colussi  traataant.  Thia  raault  could  naan  that  tha  prasance  of 
traea  aaounts  of  watar  and/or  dlssolvad  oxygon  may  ba  a  critiea!.  factor  sines 
thasa  spaeiaa  nl^t  ba  axpactad  to  aquilibrata  with  tha  solution  through  contact 
with  tha  atsuaphara.  Other  poaaibla  lubricity  agents,  such  as  aronatlcs  and  con- 
pounds  containing  hataro  atoan,  would  not  contribute  In  this  sannar.  It  la 
pertinent  to  anphaalaa  that  tha  Ineraaaa  In  wear  with  tha  slllca-gal  treated 
aMterials  over  tha  untraatad  catena  la  nuch  greater  than  the  differences  between 
tha  sllica«gal  treated  saa^las,  indticatlng  the  potentially  large  role  which 
aromatics  and  hetaro-atom  containing  materials  might  play.  Along  with  analytical 
analyses  on  tha  eoliami*traatad  materials,  a  series  of  exparlments  are  planned  to 
evaluate  tha  affect  of  dissolved  oxygen  on  the  lubricating  ability  of  the  cetane. 
Since  tha  levels  of  Interest,  both  In  the  case  of  oxygen  and  water,  are  less  than 
100  ppm,  new  methods  of  detemtnatlon  nay  be  devised. 


b.  Effect  of  Vlicotlty  and  Tgap«ratur« 

(1)  Effect  of  Vlecoelty 

Scverel  pure  hydrocarbone  of  chroaatographlc  quality  were  selected  for 
studying  the  effect  of  viscosity  on  war  characteristics.  Two  of  thesi,  heptane 
and  dodecane  were  tested  at  97P.  Heptane  at  97F  (36C)  has  an  absolute  viscosity  of: 
0.355  cp  which  matches  that  of  JP-S  at  300F  (149C).  The  viscosity  of  dodecane  is 
only  slightly  lower  than  that  of  J7-5  at  all  temperatures.  At  the  test  temperature 
of  97F,  dodecane  has  an  absolute  viscosity  of  1.15  cp  as  compared  to  1.20  cp  for 
JP-5.  This  is  3.25  times  as  viscous  as  heptane  at  97F  or  J?-5  at  300F. 

The  4-ball  wear  data  are  plotted  in  Figure  25.  Both  curves  are  well 
behaved,  showing  an  initial  stage  of  almost  constant  sea''  Ize  and  a  na'inal  wear 
region  with  a  slope  of  0.25.  The  more  viscous  fluid,  dodecane,  shows  *  smaller 
initial  wear  scar  and  a  distinctly  lower  wear  rate  of  '.lb  x  i0~^  mm^'nin  than  the 
less  viscous  fluid,  heptane.  The  wear  rate  for  heptane  is  5.06  x  10"^  sKv^/nin. 

This  observation  illustrates  that  viscosity  alone  is  an  important  factor. 

(2)  Effect  of  Temperature  -  97  to  183F 

Temperature  has  both  direct  and  indirect  effects  on  the  wear  of  a  lubri¬ 
cated  system.  One  of  the  significant  indirect  factors  is  the  decrease  in  viscosity 
due  to  the  Increase  in  temperature.  Thus,  in  making  a  critical  study  of  the  effect 
of  temperature  on  wear,  it  becomes  necessary  to  separate  the  influence  of  viscosity 
change  associated  with  temperature  change  from  the  effect  of  temperature  per  se. 
This  ceparaticn  was  accomplished  by  choosing  pure  hydrocarbons  of  chromatographic 
quality  in  a  homologous  series  and  selecting  thefr  corresponding  test  temperatures 
in  such  a  way  that  they  all  have  the  same  vlocoslty  at  their  test  temperatures. 

The  three  normal  paraffins,  heptane,  octane  and  nonane  have  the  same 
viscosity  of  0.355  cp  at  97F  (30C),  141F  (60. 5C)  and  183F  (84C)  respectively. 

Figure  26  shows  that  the  four-ball  wear  rates  for  these  three  hydrocar-^ous  at  their 
selected  temperatures  fall  practically  on  one  single  wear  scar  size  vs.  time  curve. 
Thus,  variacion  in  temperature  from  97  to  183F  with  viscosity  maintained  constant, 
seet-s  to  have  no  significant  effect  on  the  four-ball  wear  for  paraffinic  hydro¬ 
carbons  from  the  saaie  homologous  series. 

(3)  Effect  of  Temperature  -  300F 

For  further  increase  in  test  temperature  above  183F,  oxidation  was  ex¬ 
pected  to  cause  changes  in  the  teat  fluid.  An  atmosphere  control  attachswnt  was 
designed,  fabricated  and  installed  on  the  four-ball  wear  tester.  Argon  was  used  to 
keep  the  test  fluid  under  inert  atmosphere  during  th<.>  heating  period  as  well  as 
during  the  test  runs. 


Dodecane  was  tested  at  268F  (i42C).  At  this  test  temperature,  dodecane 
has  the  same  viscosity  as  JP-5  at  the  pump  inlet  temperature  of  300F.  Teat  runs 
were  not  extended  beyond  15  min  becauac  of  axcesaive  evaporation  lost  at  the  teat 
temperature.  Thia  alto  meant  the  need  of  a  preaauriscd  ayatm  for  ttata  at  tea^ra- 
turea  above  300F.  In  tcating  dodecane  at  288F,  the  number  of  test  runs  for  each 
fluid  were  reduced  to  two  becauae  heating-up  and  cooling-down  periodt  greatly 
lengthened  the  time  requirement  for  each  teal. 


EFFECT  OF  VISCOSITY  OH  WEAR  IN  THE  FWR-BALL  MACHINE 


FICUKE  26  ErrECT  OP  TEMPERATURE  ON  WEAR  IN  FOUR-BALL  MACHINE  97-183F 


OOOECANE  288*F  (142*C  0.355  cp) 


'«3i3.'<vJ0  avos  avjWft 


TEMPERATURE  ON  WEAR  IN  FOUR- BALL  MACHINE  -  300F 


The  uppentoat  curve  In  figure  27  ahowa  the  two  polnta  tor  dodecene  at 
288F  on  a  log  d  va.  log  c  plo^i  They  fall  on  a  atralght  line  of  0.25  alope  with 
a  wear  rate  of  111.7  x  10*^  aa^/aln,  which  ia  auch  higher  than  ita  wear  rata  at 
97r:  1.16  X  10*^  am^/ain.  The  100-fold  increeae  in  wear  rata  rapraaenta  the  total 

teaiperature  effect,  which  includea  the  iudiract  effect  through  the  decraaae  in 
viacoaity.  Aa  already  ahown,  the  decrcaw  in  viacoaity  alone  cauacd  an  iacraaae  in 
wear  rata  froa  1.16  x  10“^  to  3.06  x  10*^  aaiVain.  Tbua  the  effect  of  teaperature 
increeae  froa  97f  (36C)  to  260f  excluding  the  viacoaity  effect,  ia  a  22-fold  in- 
creaae  in  wear  rate. 

(4)  Coaparison  Between  Pure  faraffinic  Hydrocarbon  and  Ccaaaercial  Fuela 

n -52^  la  a  aixture  of  tc  hydrocarbon  with  relatively  high 
n-paraffin  content.  It  ia  the  pureat  one  of  the  ten  fuela  currently  being  teated 
on  thia  prograa. 

Because  it  ia  extreaely  highly  refined  it  waa  teated  at  97f  (1.23  cp), 
and  at  311f  (0.335  cn)  and  ccaiparcd  with  chroaatographic  quality  dodecace  at  97F 
(1.15  cp)  and  at  288F  (0.355  cp). 

Figure  28  ahowa  the  coapariaoo  of  four-ball  reaulta  at  97F.  Both  fluida 
heve  practically  aaae  wear  rate  of  1.163  x  10*^  nat^/nln.  At  the  higher  teaiperature, 
PW-523  cauaea  a  aligltly  lower  wear  rate  of  93.7  x  10*^  nn^/ain  va.  111.7  x 
M^/nin.  The  four-ball  data  obtained  ao  far  ahow  that  the  extremely  highly  refined 
PW'523  ia  cooparable  to  the  chronetographic  quality  dodecane  in  four-bell  perfon- 
ance. 

The  coepoaition  of  JF-S  on  the  beaia  of  gaa  chroiMtOii;’'aphic  analyaia  ia 
quite  aiallar  to  that  of  FW-323.  It  doca.  however,  contain  quite  nith  anounta  of 
a-laipuricles.  At  the  high  teat  tenperaturea,  the  wear  race  for  JF-5  la  8.5  x  10*^ 
OB^  ain  which  la  only  about  1/12  of  the  wear  rate  for  FV-323  and  dodecane.  The 
difference  la  not  ao  large  at  97F.  JP-S  baa  a  wear  rate  of  0.60  x  10*^  eB^/nin 
aa  conpared  to  1.16  x  10'^  aea-^/nin  for  PW-323  and  dodecane. 
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C(»1PARIS0N  OF  FOUR-BALL  WEAR  SCARS  FOR  DODECANE  AND  (r^-523) 


3.  EFFECT  OF  COHttRClAL  ADDITIVES 


a.  CgQtral 


In  contrast  to  the  effect*  of  viscosity,  hydrocarbon  type,  and  trace  coa- 
ponerit*--all  of  which  are  relatively  ainor — the  effects  of  antiwear  additives  are 
profound.  As  little  as  15  ppn  can  have  a  isajor  effect  on  friction  and  wear.  In 
this  section  are  described  Che  evaluation  of  several  antiwear  additives  in  a  variety 
if  test  devices.  The  sMln  purpose  of  these  preliminary  experiment*  was  to  determine 
the  sensitivity  of  the  various  test  devices  to  Che  antiwear  additives  with  respect 
to  both  scuffing  and  rubbing  wear.  The  experimental  results  are  given  below,  lo'* 
lowing  a  brief  description  of  the  antiwear  agents  used. 


Further  work  with  corrosion  inhibitors,  including  tests  at  the  13  ppm  con* 
centraclon  level,  were  carried  out  using  the  ball-on-cylinder  device  as  pare  of  the 
Invesiigacion  of  the  field  control-valve  problem  chat  Is  discussed  In  Section  , 
following. 

b.  Antiwear  Agents  Used 

(1)  Trlcresyl  Phosphate  (TCP)  -  TCP  is  a  well-known  antiwear  additive  that 
forms  iron  phosphate  on  the  rubbing  surfaces,  which  apparently  accounts  for  its 
lubricating  properties. 

(2)  Zinc  Pialkyldi thiophosphate  (ZnDDP)  -  This  is  a  cooBson  mild-EP  additive 

widely  used  in  x)tor  oils.  It  has  the  formula  KR0)2  2  Zn  and  Is  made  by  re¬ 

acting  an  alcoho  with  P2S5  and  than  neutralizing  the  resulting  acid  to  form  the 
zinc  salt.  In  ,ls  case  the  alcohol  was  a  C^-Cc  mixture.  The  mechanism  of  this 
additive  has  not  been  determined,  but  it  apparently  decomposes  thermally  and  then 
reacts  with  Iron  at  the  rubbing  surfaces. 

(3)  Bright  stock  Is  a  highly-refined  paraffinic  residjum  with  a  viscosity 
of  1000  cp  at  77’F. 


(w)  The  remaining  additives  to  be  studied  in  the  program  are  all  of  a 
proprietary  nature  and  will  henceforth  be  coded  as  Er*l,  F.R-2,  ER-3,  etc.  This 
coding  will  remain  the  same  throughout  the  contract  woik.  and  as  new  additives  of  a 
proprietary  nature  are  added  to  Che  program,  new  numbers  will  be  assigned. 


c.  Bal 1-on-Cy 1 inder  Tests  -  Additive*  Reduce 
Wear.  Friction,  and  Metallic  Conract  But 
M~t  all  Siaulcaneofsly _ 


The  ball  -on-cyllnder  machine,  ha*  been  used  to  evaluate  .ariou-  ant i wear 
aeec^s  as  0.01*-IT  solutions  In  cetane.  Since  cetane  has  relatively  poor  load- 
-'ai  ability,  the  test  load*  were  limited  to  g.  H'e  Bwrtallic  systo*  con¬ 
sist  4  52100  steel  ball  and  cylinder  co^inatlon  with  ail  tuns  made  at  roism 

tei^rature  and  210  rpo.  The  values  reported  were  taken  at  tnc  end  oi  32  minuCet 
The  coeliictcr.t  of  friction,  percent  met.sllic  contact,  and  the  wear  scar  diameter 
for  these  runs  to  date  are  summarized  la  Table  XlCVi. 


T^e  general  conclusion  that  can  be  reached  based  on  these  data  includ.-  the 

fo 1  lowing : 

•  for  additives  ER- 1  and  TCP  a  significant  redoction  in  1, 
metallic  contact  Is  noted  at  all  loads. 
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t  Xhfl  soluelOQS  r«duc«  th»  coefficient  of  frlctioti 

over  the  hese  case  at  all  loads. 


•  SJl'J  causes  a  reduction  wocr  scar  diameter  over  the 
haea  case  at  all  loads;  at  11  concentration  it  caused 
a  reduction  In  the  coefficient  of  friction. 

It  is  Interesting  that  none  of  the  additives  were  gooi*  in  reducing  ell 
three  of  the  tsnaoured  values^-frlctlon,  war  and  metallic  contact.  This  lllvstrates 
the  iaiporeiinca  of  catabUahlng  proper  correlations  between  laboratory  and  field 
teste.  Ihla  test  la  particularly  useful  in  Investigating  the  low-load  reglt!>c-r 


TABLE  mi 


Ball-on-Cyllnder  Test  Results  for  Additive  Solutions 
240  g,  240  rpm,  32  min.,  77'F. 


%  Add.  in  Cetane 

1  Metalll 

c  Contact 

Coef f ic . - 

Frlct. 

WSD, 

exa 

^ad; 

30 

60 

120 

240 

30 

60 

12G 

240 

30 

00 

120 

240 

None 

49 

68 

87 

94 

.10 

.  13 

.13 

.14 

.20 

.22 

.24 

.26 

0,1  EH- 3 

.‘.0 

75 

87 

91 

.08 

.10 

,  11 

.11 

,17 

.13 

.19 

.21 

0.2  ER-3 

53 

72 

91 

97 

.15 

.13 

.11 

.11 

.19 

.21 

.20 

,22 

1.0  ER-  3 

45 

71 

84 

92 

.08 

.03 

.09 

.09 

.17 

.18 

.19 

.20 

0.1  ER-l 

13 

21 

27 

55 

.09 

.09 

.10 

.10 

-18 

.22 

.26 

.30 

0.2  ER-i 

13 

30 

47 

41 

.08 

.22 

.09 

.09 

.18 

.24 

.25 

.27 

l.C  ER-l 

10 

11 

17 

27 

.06 

.09 

.09 

.09 

.20 

.23 

.25 

.26 

l.O  Brlgh«;  Stock 

53 

77 

81 

95 

.19 

.13 

.15 

.17 

18 

.22 

.25 

.27 

0.2  TCF 

0 

0.6 

0.6 

1.2 

,21 

,  11 

.13 

.14 

.  13 

.22 

.24 

.26 

0.2  ZnDPP 

62 

83 

99 

100 

.2 

.15 

.16 

:  c 

»  a  .. 

.17 

.21 

.24 

.29 

d.  four-Ijall  Tests  - 

Additives 

Have 

Little  Ef.fect 

on  Scuff  lu.id 

but 

Decrease  Wear  ( 

at  Low 

Loads 

A  sr^ries  of  commercial  antiwear  agen*:s  were  tested  as  O.IX  solutions  in 
n-cetane  at  room  temperature  in  the  four-ball  nomal  wear  tester.  Those  tested  so 
far  are  TCP,  ZnDDP.  ER-l,  EK-2,  ~nd  ER-J.  All  tests  were  of  five  minute  duration 
at  three  different  speeds  and  loads  up  to  80  kg. 

The  load  conditions  are  such  that  e  normal  ueai  situation  is  present  at 
the  latest  load  (10  kg)  while  a  severe  catastrophic  regime  is  present  at  t^e 
heaviest  load  (60  kg).  Runs  at  100  kg  load  were  attempted  but  wear  was  nor  repro¬ 
ducible,  the  liquid  became  quite  hot  and  the  spindle  speed  w.:is  questionable.  Hence, 
loading  was  limited  to  SO  kg.  The  wear  scar  diameters  for  the  runs  at  ^C',  1200, 
and  18v)0  rpm  are  tabulated  In  Tebl'i XXVII. 

The  chief  purpose  of  this  series  of  tests  Is  to  determine  the  scuff  load 
or  selture  load,  that  Is,  the  load  at  which  normal  wear  changes  to  scuffing  wear. 

In  general,  there  was  no  significant  tmprovemenc  in  the  scuff  loads  for  any  of  the 
additives,  T?its  fact  is  significant  because  these  additives  are  known  to  be  effect¬ 
ive  ir,  Ryder  gear  testa  and  in  field  pump  experience. 


f 
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On  the  other  hand,  oost  of  the  additives  did  reduce  wear  in  the  low-load 
rantte  cT  10-30  k^.  ;Chis  vsdMctlon  vas  icvse  apparent  at  the  lot«st  speed  (600  rpm). 
ER'^,  ER*^3,  and  ?..^0DF  appeared  to  retain  their  antiwear  activity  to  higher  loads 
than  TCP  or  ER-1.  Table  XXVII  illustrates  this  point. 


TABIZ  mil 


Four-Ball  Wear  Test  Results  Tor 

Additive 

Solutions 

Wear  Scar 

Diameter 

‘  ^  fflD 

1  Additive  in  Cetane  10  kg 

20_kg 

30  kfi 

50  kg 

80  kg 

600  rpm,  1  min.  Room  T«mp. 

0.1%ZrJ)DP  0.23 

0.27 

0.32 

0.39 

1.23 

O.lXTf:?  0.28 

0..V2 

0.34 

0.74 

0.87 

O.ir  ES  1  0.27 

0.31 

0.34 

0.96 

0.83 

0.1  gR-2  •  0.24 

0.29 

0.32 

0.59 

0.84 

O.U  tR-3  0.24 

0. 3 ' 

0.36 

0.39 

0  ’R 

None  0.33 

0.43 

0.53 

0.60 

0.76 

1200  rpm,  5  min.  Roc^a  Teiro. 

O.U  ZnDDP  0.25 

0.31 

0.40 

1.01 

1.06 

O.U.  TCP  0.30 

0.34 

0.69 

0.66 

2.00 

O.UER-1  0.29 

0.37 

0.68 

0.81 

1.84 

O.UER-2  0.27 

0.29 

0.31 

0.5? 

2.14 

O.IT  ER-3  0.24 

0.28 

0.36 

0.54 

1.96 

Non;  0.37 

0.53 

0,57 

0.67 

2.10 

1800  rpm,  5  min,  Room  Temp. 

O.lZ  ZnDDP  0.29 

0.29 

0.68 

1.06 

1.87 

O.U  TCP  0.33 

0.60 

0.55 

0.74 

2.40 

O.UER-1  0.30 

0.37 

0.62 

1.87 

2.09 

0.i54ER-2  0.23 

0.31 

0.47 

2.10 

2.07 

O.U  ER-3  0.25 

0.28 

0.33 

1.94 

2.38 

None  0.35 

0.55 

0.60 

1.70 

2.30 
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•  .  ftydar  Gear  Teats  -  Lubricity  Additives 
Cceetiy  laprove  Loed-Cerrying  Ability 

Three  Jet  fuel  lubricity  additives  have  been  evaluated  In  the  Ryder  test 
at  0.1%  concentration  in  Bayol  3S.  These  were  run  at  5#/10  minute  increments.  All 
showed  a  pronounced  improvement  in  load>carrying  ability  as  shown  in  Table  XXVIII • 

TABLE  XXVIII 

ildditives  in  Ryder  Gear  Tests 


Scuff  Load,  #/Inch 


X  Additive  in  Bayol  35 

Single  Test 

Average 

None 

339,678 

508 

O.IX  BR-1 

665,953 

809 

0. IX  ER-2 

1368,720 

1044 

O.IX  ER-3 

1299,1126 

1212 

Although  there  Is  an  appreciable  scatter  between  sides  for  ER-1  and  ER-2, 

It  is  apparent  that  all  additives  significantly  increase  the  load-carrying  capacity 
of  the  base  fuel.  It  also  seems  that  ER-2  and  ER-3  are  somewhat  superior,  under 
these  conditions,  to  ER-1. 

f .  Vickers'  Vane  Pump  Tests 

(1)  One  Percent  Bright  Stock  in  Bayol  35 

Increases  Load-Carrying  Capacity  Somewhat 

It  was  learned  from  our  field  survey  that  the  lubricity  of  the  fuel  might 
be  improved  by  merely  adding  small  amounts  of  a  heavy  oil  to  the  fuel.  To  investi¬ 
gate  this  possibility,  a  series  of  pump  tests  was  made  using  a  blend  of  1%  (by  weight) 
of  bright  stock  in  Bayol  35.  The  bright  stock  is  a  solvent-extracted,  deasphalted, 
and  dewaxed  residuum  of  10.3  poise  at  77“F  and  103  VI.  A  comparison  of  these  test 
results  with  those  obtained  from  the  previous  test  using  the  base  fuel  is  shown  in 
Table  XXIX.  Under  the  experimental  conditions  of  90‘’F  and  350  psi,  the  scuffing 
wear  was  eliminated.  But,  under  more  severe  conditions  of  either  higher  pressure 
or  higher  temperature,  scuffing  wear  wes  again  observed.  Previous  tests  indicate 
that  addition  of  1%  ER-3  e'sentially  eliminated  the  wear  and  gave  satisfactory  oper¬ 
ation  under  all  these  conditions.  Previous  pump  wear  data  with  Bayol  35  alone  at 
90*F  indicate  that  the  probable  transition  from  rubbing  wear  to  scuffing  wear  occurs 
at  a  pressure  of  200-250  psig.  The  addition  of  the  heavy  oil  therefore  shifts  such 
a  transition  to  a  pressure  between  350  psig  and  430  psig.  Since  the  load  for  the 
sliding  contact  between  vanes  and  the  ring  surface  is  a  function  of  outlet  pressure, 
it  may  be  Interpreted  that  the  addition  of  the  heavy  oil  is  advantageous  to  shift 
the  transition  load  for  scuffing  wear. 

In  pump  tests  with  IX  bright  stock  In  Bayol  35,  the  volumetric  efficiency 
was  notably  Increased,  and  a  varnish- like  material  was  deposited  on  most  parts  of 
the  pump  cartridge.  This  deposited  material,  which  appeared  much  more  viscous  than 
the  bulk  fuel,  might  contribute  to  the  Increase  of  the  load-carrying  capacity.  The 
presence  o£  these  viscous  materials  on  :;he  rubbing  surfaces  .flight  also  account  for 
the  reduction  of  the  internal  le«k...ge  so  as  to  improve  the  volumetric  efficiency. 

It  is  anticipated,  however,  that  the  tendency  to  form  deposits  may  lessen  the  chance 
in  satisfying  the  thermal  stability  requirements. 


(2)  Additives  Show  Pronounced  Antiwear  Effect 


(a)  E*P.  Additives 

The  well-known  antiwear  additives,  ZnDDF  and  TCP,  were  tested  In  the 
Vickers'  vane  pump  at  a  concentration  of  O.IX  (by  wel^t)  In  Bayol  35.  The  test 
conditions  were  the  same  as  or  more  severe  than  that  under  which  a  very  severe  wear 
occurred  with  Bayol  35  alone.  The  results,  shown  In  Table  XXIX,  Indicate  that  both 
additives  prevented  wear  almost  entirely  In  all  cases.  The  surface  finish  was  Im¬ 
proved  and  volumetric  efficiency  was  high. 

In  the  pump  tests  with  TCP  and  ZnDDP,  a  thin  film  was  coated  on  the  sli¬ 
ding  surface  of  each  vane  and  could  not  easily  be  removed  by  mild  abrasion  and 
heating  In  solvents.  Figure  29  shows  the  photomicrographs  of  these  surfaces  together 
with  those  of  a  new  vane  and  a  vane  used  in  a  pump  test  using  the  base  fuel,  Bayol  35. 
With  Bayol  35  alone  the  occurrence  of  gross  %rear  Is  evident;  the  wear  tracks  and 
fragments  adhering  to  the  surface  are  clearly  seen  In  the  photomicrograph.  The  de¬ 
posited  films  formed  by  the  additives  are  also  clearly  shown.  This  accounts  for 
their  antiwear  effect.  Recent  published  data  on  TCP  supports  the  postulation  of 
phosphate  formation  on  the  metal  surface.  Mo  similar  data  are  available  for  ZnDDP, 
but  the  texture  of  the  deposit  from  these  two  additives  Is  quite  different.  The 
different  characteristics  of  these  deposits  may  cause  the  different  extent  cf 
effectiveness  of  these  additives  shown  In  the  pump  tests. 

(3)  Jet  Fuel  Additives 


Four  Jet  fuel  additives  were  tested  In  the  Vickers'  vane  pump  at  1000  ppm 
and/or  50  ppm  concentrations  (by  weight)  In  Bajol  35.  The  test  conditions  were  the 
same  as  or  at  a  higher  temperature  than  that  under  which  severe  wear  occurred  with 
Bayol  35  alone.  shown  In  Table  XXX,  all  ere  effective  In  reducing  wear  with 
reference  to  the  base  fuel. 

At  1000  ppm  concentration  ER-2  and  ER-3  are  somewhat  more  effective  than 
ER-1  in  that  ER-1  gave  higher  initial  wear  and  roughened  the  rubbing  surfaces.  This 
difference  became  more  evident  at  lower  cone  entratlon  (50  ppm)  where  Bayol  35  con¬ 
taining  ER-1  gave  considerably  higher  wear  than  Bayol  35  containing  ER-2  and  ER-3. 

A  deposited  film  was  observed  on  the  contact  surfaces  of  the  vanes  for  all  these 
additive  fuels  giving  low  wear,  <  100  mg  weight  loss.  This  could  account  for  their 
antiwear  effect. 
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4.  LUBRICITY  OT  JP-4'S  AND  EFFECT  OF  CORBOSION  IHHlBITOfcS 

a.  Background 

During  this  reporting  period,  Inforaacion  vaa  received  froei  one  of  the 
Jet  engine  aanufacturera  that  Malfunctioning  of  a  Tucl-control  valve  was  occurring 
In  the  fie*  ^  Thla  trouble  aeeaed  to  have  started  at  about  the  tlae  that  certain 
changes  had  been  aade  In  the  jet  fuel  at  the  critical  location,  one  of  the  changes 
being  that  the  corrosion  Inhibitor  had  been  oaltted. 

To  determine  whether  additives  in  this  low  a  concentration  could  have 
such  c  pronounced  effect,  some  initial  tests  were  run  on  the  ball-on<-cyllnder 
machine.  T^.e  results  Indicated  that  corrosion  Inhibitors  In  concentrations  as 
low  S'!  IS  ppm  (C.OOISX,  4#/1000  bbl.)  could  Indeed  reduce  friction,  wear,  and 
metallic  contact  quite  noticeably.  Because  of  the  importance  of  the  field 
problem,  the  effect  of  corrosion  Inhibitors  has  been  investigated  in  some  detail. 
This  lr.v3Et  Igation  Is  also  important  to  the  present  overall  program  because  the 
level  of  additive  was  much  smaller  than  had  previously  been  considered  to  have  a 
practical  effect  on  lubricity.  In  earlier  work,  2,000  ppm  of  lubricity  additives 
had  been  found  to  be  required  for  outstanding  gear  teat  performance  and  600  ppm 
for  moderately  good  performance. 

Two  new  elements  were  introduced  by  Che  fuel-control  valve  problem; 

(1)  load-carrying  ability  was  not  Che  issue,  but  rather  the  reduction  of  friction 
(reduced  adhesion)  between  closely  lapped  metal  surfaces  carrying  essentially  no 
load,  (2)  highly-refined  JP-4  fuels  could  be  made  coHSMrcially  which  had  essentially 
no  lubricity  whatsoever.  A  combination  of  a  “squeaky  clean"  fuel,  no  surface- 
active  additive,  and  a  mechanical  system  capable  of  high  adhesion  could  cause 
serious  sticking  problems.  The  d.,ta  reported  here  is  organized  as  to  technical 
forsmt  and  not  as  obtained  chronologically. 

b.  Non -Additive  Fuels 

Three  JP-4  fuel  samples  from  three  USAP  bases  were  supplied  us  by  WPAFB. 
One  of  these  bases  (coded  A)  was  from  the  site  of  Che  fuel-control  valve  trouble. 
This  fuel  was  found  to  give  substantially  higher  wear  than  the  other  tw  In  the 
ball-on-cylinder  machine,  using  a  steel-on-steel  system.  Friction  was  also  higher 
and  much  more  erratic.  These  results  are  given  in  Table  XXXI. 

TABLE  XXXI 

Ba  1  l-on-Cy  1  ir.der  Results  for  JP-4's-I 
Stee I -On-Stee 1 ,  240  rpm,  32  min. 


k*  a  raaulc  of  tha  ability  of  tha  ball-oa-cylladar  rig  to  dlttlagulah 
batiftan  fitala,  aavaral  othar  JT-4  vara  aant  ua  for  avaluatloo.  Two  wara  furnished 
ua  froa  oaa  aaglaa  aanufacturar  chat  had  raportad  aoaw  high  friction  and  sticking 
vleh  tbasa  fuels  la  laboratory  aaglaa  Casts.  Ihraa  wara  froai  aaothar  angina  sanu* 
factwrar  who  had  had  aarlous  flight  parforaaoca  raportad  on  two  of  tha  three. 
Flaally,  four  addlcloaal  JP>4's  frosi  four  snra  USAT  bases  ware  sane  by  WPATB.  The 
coBpoalClon  of  thaaa  fuels  was  not  known,  nor  wars  chare  aay  data  on  what  additives, 
If  aay,  tha  fuels  coatalaad.  Although  chase  data  could  probably  have  bean  obtained 
aaalytleally,  It  did  not  appear  chat  this  Inforaatlon  would  be  any  particular  ad- 
vaataga  owar  tha  laforaatloa  already  being  obtained  on  tha  Can  coMerclal  fuels. 

Tha  data  are  being  reported  here  only  to  illustrata  that  aajor  differences  are 
found  aaMfxg  Jf-A'a  used  In  the  field.  In  evaluating  thasa  fuels  on  the  ball-on- 
cyllader  cast.  It  was  found  chat  the  vsar  scar  on  the  ball  was  an  accurate  reflec¬ 
tion  of  the  frictional  behavior.  This  therefore  bccsssc  the  standard  nechod  of  re¬ 
porting  the  data.  However,  In  all  cases,  the  friction  traces  were  closely  cowpared 
to  ensure  chat  the  wear  scar  was  In  fact  Indicating  tha  anount  of  friction.  For 
addiclv'j  fuels  this  correlation  between  wear  and  friction  did  not  hold,  as  will  be 
shown  latar. 

Table  XXXll  gives  the  relative  performance  of  these  JT-A's.  Fuel  F  was 
clearly  the  worst  of  the  fuels,  with  Fuel  C  nearly  as  bad.  these  two  fuels  had 
the  a»at  serious  probleau  reported  from  the  field.  Their  frictional  traces  were 
extremely  erratic,  often  gwlng  off-scale.  At  the  higher  loads  the  behavior  was 
so  bad  that  tha  tests  had  to  be  terminated  to  avoid  damaging  the  spring  In  the 
frlctlon-sMssurlng  apparatus. 

Tha  differences  In  pcrformai^e  cannot  beascrlbed  to  viscosity,  for  most 
of  the  fuels  ware  between  0.9  and  l.O  cs.  Of  the  two  lowest  viscosity  fuels,  one 
was  quite  poor  In  lubricity,  the  ocher  was  our  Reference  JP-A  which  Is  exception¬ 
ally  good.  Viscosity  at  77F  are  given  In  the  last  column  of  Table  XTOCII,  and  It  can 
be  seen  by  Inspection  that  there  Is  no  correlation. 

It  la  evident  that  current  refining  practices  can  give  a  fuel  that  is 
extremely  pure  as  far  as  lubricity  agents  are  concerned. 

c .  Oxidation  Inhibitors 

A  distillation  of  Fuels  a,  3  and  C  revealed  that  the  bottoms  from  Fuels 
B  and  C  developed  a  pink  color  In  methanol.  This  was  shown  photospectrometrlcally 
to  be  caused  by  the  oxidation  lohlbltor--M,N' -dlalkylparaphenylenedlamlne--used  in 
these  two  fuels.  To  determine  whether  this  additive  could  have  caused  the  differ¬ 
ence  between  Fuel  A  and  Fuels  B  and  C,  a  brief  study  was  carried  out. 

Using  Fuel  A  as  a  base,  the  effect  of  X)  ppm  of  N,N' -disecondary-butyl- 
parapheny Icnedlamlne  was  determined  In  the  ball-on-cy Under  rig.  The  results, 
given  In  Table  XXSlll,  show  no  decrease  in  wear  scar,  nor  was  there  a  difference 
In  mecslllc  contact.  Friction  was  quite  erratic  in  all  runs,  but  somewhat  smoother 
and  at  a  slightly  lower  level  with  the  additive. 

Similar  tests  were  carried  out  In  cetane,  using  7.3  and  30  ppm  of  the 
additive.  Again  there  was  no  change  In  wear  or  metallic  contact  and  In  this  case 
the  friction  traces  were  actually  more  erratic  than  with  cetane  alone. 


CYLINDER  TESULTS  FOR  JP-4'S 
el-on-Ste*l,  240  rpm,  77F) 


TASLk  XXXIII 

Antlo  Idaot  Has  oq  Effact  on  Lubricity  In 
g.  U-oo-Cyllndar  Taata 

(Staal-OD-Secal,  240 

rpa,  32  ain.) 

WSD.  wm 

FtMl 

60  g 

240  g 

I  ktt 

■  JF-4  A 

0.2A 

0.33 

0.46 

A  +  30  ppa  li,I*-dl8«c<»dary-L‘Jtyl- 
pa  ra  phs  ay  1 3  ttc  d  l4Mi  Ine 

0.26* 

0,35* 

0.48* 

Catanc 

0.?l 

Cacame  *  30  ppm  s«ae 

0.2  •* 

Cetane  >  7.5  ppm  saam 

19» 

Catao*  +  7.5  «pa  N,N'-dlsalicyIidcnc 

0.2 I*' 

1,2  pro]>«ncdiMln« 

*  Friction  U*<> 

**  Friction  •oaMvhnt  gr««ter. 

It  it  «pp4irc,.c  froM  the  data  tha’-  ne  lower  friction  of  fuels  B  and  C  is 
not  due  to  the  pretence  of  this  antioxidant. 

A  «etal  deacCivator  (ll,N'*dis«lic  idene  1,2  propanediaaine)  was  also 
tested  at  7.?  pp»  and  also  was  found  to  hav  no  effect  on  lubricity.  This  is  also 
shown  in  Table  XXXIII. 

d.  Corrosion  Inhibitors 


(1)  Initial  Study  of  TVo  Coaa>erctsl  Additives 

The  chief  suspect  in  the  sudden  rash  of  field  prcbleas  seeaed  logically 
■0  he  the  absence  of  the  co*rosioo  inhib'*ors.  These  materials  are  strong  surface- 
active  agents,  and  therefore  would  logically  be  good  antifriction  agents.  In  fact, 
it  is  precisely  clr  surfactant  properties  that  led  to  tl.eir  ren.:'val  in  the  fitst 
place,  for  they  si:rlously  interfere  with  water-haze  removal.  Aln  ,  It  is  wr’i- 
knevn  that  astlwear  agents  fre<}ueiitly  impart  rust  inhibition  to  oils. 

In  the  nltlal  investigation  two  rust  inhibitors,  coded  Dl-A  and  ER-5, 
wr  studied  in  detail.  These  two  sdditives  are  entirely  different  in  cheaical  lOw- 
pcsition  and,  as  will  b-  seen,  perform  quite  differently  as  Bntlfrictlon  sd-itlves. 
Early  ha . .-cei-cy ■ inder  t^ir*  had  indicated  these  two  additives  both  grestly  reduced 
friction  s  highly  put. fie  fuel.  This  was  confirmed  by  tests  carried  out  by  a 
jet  engine  aanuf  ac  turc  r ,  whe :  «  sticking  of  the  fuel  control  resulted  when  a  nor.- 
addit  ve  fuel  wai  used,  hut  cr^'Mld  he  unstuck  if  the  fuels  were  -hanged  to  one  con- 
tain.ug  cne  of  these  corrosion  InhlblCors.  The  agreement  between  these  two  ^est 
asethods  greatly  Increased  ^e  confidence  in  each  method  alone. 


-  Oh 


Ball-on>cyllnder  test  data  are  aucsnarised  in  Tables  XXXIV  and  XXXV.  It 
will  be  seen  that  both  ER-4  and  ER-5  reduce  friction,  with  ER-5  being  perhaps  so!»- 
what  better.  ER-5  also  reduces  the  wear  scar  as  would  be  expected,  in;isn«uch  as  it 
decreases  the  adhesive  friction.  This  behavior  is  conaistent  in  two  .TP-4's  and 
cetane. 

ER-4  obviously  works  in  a  different  stanner  than  ER-5.  Although  it  is 
about  as  good  as  ER-5  In  reducing  friction.  It  actually  causes  an  Increase  in  wear, 
the  Increase  beconlng  greatei  at  higher  concentrations.  At  the  same  time,  tt>e 
awtalllc  contact  (measured  by  electrical  reslatance)  decreases  to  zero,  indicating 
the  formation  of  an  insulating  layer  between  the  rubbing  surfaces.  The  higher  the 
concentration  of  ER-4,  the  pore  rapidly  the  metallic  contact  decreace*-  to  zero. 
These  data  are  susmurized  below  in  Table  XXXVI. 


TABLE  XXXVI 


Effect  of  ER-4  Concert  rat  ion  on  Ba , i-on-Cy 1 indei 


Time  for  Metallic  Contact  Coeffitifnt 

EP.-4  in  Cetane  ViiD,  ass  to  Decrease  to  lOt.  minutes  of  Friction 

None  0.21  --  0.17 

50  ppm  0.21  18.8  O.K 

500  ppm  0.25  8.5  0.14 

IX  0.28  1.7  0.14 

The  action  of  ER-4  is  similar  to  that  of  most  EP  additives.  These  are 
known  to  react  rapidly  with  fresh  metal  to  form  an  i-'organic  or  partly  inorganic 
layer,  usually  a  sulfide,  chloride,  phosphate  o.  similar  compounds.  This  ccsrpound 
reduces  adhesion  and  friction,  but  is  soft  and  easily  v.'^rn  away.  By  reducing  ad¬ 
hesion,  these  additives  prevent  scuffing  but  only  at  the  expense  ■[  sactificial 
wear.  It  is  evident  from  the  data  on  ER-4  that  wear  scar  diameter  of  such 
additives  is  no  indication  of  tbeir  an: i-frictios,  activity. 

The  data  in  Tables  XXXIV  ....d  XX.^'  show  that  ant  i- f  r  ic  t  i  or.  behavior 

is  obtained  in  most  cases  vith  as  little  as  50  ape..  However,  with  Fuel  F,  vSich 
is  exceptional!  pocu  in  lubricity,  5C  ppis  wa>  not  enough  to  bring  this  fu^ 1  to  the 
level  of  other  .JP-4's  and  25  ppa  of  ER-5  eeve  a  failure  at  240  g  load. 

It  is  interesting  that  the  c ;  rros  ion- inhibi  tor  *'S-5  was  about  as  good  a 
lubricity  additive  as  the  untiwear  additive  ES-3.  Hcwver,  oleic  acid  was  even 
better-  On  the  other  hand,  addin^t  IX  of  a  very  high  viscosity  petroieua  stock, 

ER-6,  was  completely  ineffective.  This  smterlal  net  contain  any  »urf.»-e- 

active  tompoun'js,  and  the  test  is  asvaiogc^s  to  addin;,  heavy  aviation  oil  to  the 
fuel  It  is  obvicHj'  that  in  this  test  the  surface-active  properties  are  isporta'  '  . 

These  tests  differ  from  the  actual  fuel  control  uni.  in  three  ways; 

(1)  the  metals  are  steel-on- .•-te? I  whert  as  in  the  <  control  both  surfaces  are 
hard-anodized  aUtairaM,  (2)  the  speed  is  constant,  whereas  the  pirtoo  is.  the  tuel 


a»R<.‘SlC»l  INHIBITORS  AB£  ANTIFtlCn'^ 

_  IN  BAU^OM-CYLIHDSR  TFjiTS  -  T 

<Sceel>on>Steel,  240  r?*,  77F) 
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control  i«  subjected  only  to  potiodlc  notion,  and  (3)  the  axtta  of  ctmtact  is  very 
amll  «ad  the  Rerta  load  relatively  high. 

In  order  to  eliatLnatc  the  firat  difference,  4130C  alminum  cylinders  and 
4122C  altwinuB  buttons  were  fahricsted  and  hard  anodized.  These  coatings  are  much 
harder  than  hard  steels.  Hard  anodized  aluminum  has  a  surface  layer  of  corundum, 
rating  9  ou  Mob's  scale  of  hardness,  which  is  very  roughly  about  85  Rockwell  C. 

tis»  first  attempts  to  get  an  anodized  surface  was  with  aluminum  balls  and 
cylindars  that  were  on  hand.  The  alloys  were  high  in  copper,  and  difficult  to 
anodiae.  TIm  oxide  surfacea  were  poorly  adhered.  Even  so,  teats  on  these  parts 
showed  qualitative  agreement  with  the  ateel-on-steel  tests.  In  comparing  the  three 
J7-4'e,  Fuel  4  gave  a  bigger  wear  scar  on  the  ball,  showed  some  flaking  on  the 
cylinder  track,  and  had  high  and  erratic  friction  throughout  the  test.  Fuels 
B  and  C  gave  asaillex  scars,  and  much  smoother  friction  traces  for  the  first  20-25 
minutes  when  they,  too,  became  erratic.  Fuel  A  with  50  ppm  of  either  ER-4  or  ER-5 
was  considerably  better  in  both  wear  and  frict'on.  These  data  are  summarized  in 
Table  XXXVII. 


TABI£  XXXVTI 


gai?-on-Cvlinder  Results  -  Ano^ ized  Aluminum-I 
(Anodized  A1  (AA-2017)  on  Anodized  A1  (AA-2024)  30  g,  60  rpm,  32  min.) 


Fuel 


WSD.  mm 


Friction 


A-1 

B 

C 

A-l  50  ppm  ER-4 
A-1  *  50  ppm  ER-5 


0.78* 

0.71 

0.69 

0.53 

Not  defined 


High-erratic 

Low- smooth  for  25  min. 

Low- smooth  for  20  min. 
Low-smooth  for  entire  test 
Low-smeoth  for  entire  test 


*  Track  shows  flaking  of  anodized  surface. 


These  tests  were  repeated  on  another  cylinder  with  the  same  relative  re- 
although  at  a  different  absolute  level,  due  apparently  to  Irreproduclbllity 
of  the  anodized  surface.  The  frictional  traces  were  also  different;  in  this  series 
the  coefficient  of  friction  rose  rapidly  during  the  first  few  minutes,  then  fell  off 
to  a  steady  value  of  0.2G.  The  most  apparent  differences  between  fuels  were  the 
maximum  level  reached  in  the  early  part  of  the  test,  as  shown  in  Table  XXXVIII. 

TABLE  XXXVl) : 

Ball  -on-Cy Under  Results  -  Anodized  Aluminum- II 
(Anodized  A1  (AA-2017}  on  Anodized  A1  (AA-2024)  30  g,  60  rpm,  32  min.) 


Additive  In  Fuel  A-2 


Max.  Coeff.  of  Friction 


WSD,  mn 


None 

1.5 

0.57 

1%  ER-6 

1.4 

0.43 

50  ppm  ER-4 

1.5,  1.4 

0.53* 

50  ppm  ER-5 

1.0 

•k 

50  ppm  Oleic  Acid 

0.63 

* 

100  ppm  Oleic  Acid 

0.33** 

★ 

*  Scar  undefined. 

**  Friction  also  less  erratic. 


It  Is  worth  noting  that  KR-4  did  not  give  a  larger  wear  scar,  aa  it  did 
with  steel.  Its  reaction  with  Al20q  Is  obviously  different.  ER-6,  the  heavy 
petroleum  stock,  again  was  relatively  ineffective  even  at  1%  when  conpaTed  to 
ER-5  or  oleic  acid  at  50  ppm.  ER-3  at  100  ppm  (so  chosen  to  have  the  same  Neut. 
ilo.  as  50  ppm  oleic  acid)  was  considerably  better.  Obviously  more  work  is  needed 
here  at  different  concentrations,  surface  interactions,  loads  and  speeds. 

The  additive  tests  were  repeated  using  low-copper  alioilnum  al loys  (4150C 
&  4122C)  also  hard  anodized.  The  surfaces  from  these  alloys  were  much  smoother, 
blacker,  and  more  adherent.  The  additive  performance,  however,  was  nearly  iden¬ 
tical  to  the  previous  tests  as  shown  by  the  results  in  Table  XXXIX. 

TABLE  XXXIX 

Ball-on-Cy Under  Results  -  Anoaized  Aluminum-Ill 
Hard-Anodized  Al  (Bendix  alloys,  4150C  &  4122C)  32  min. 


Coeff.  of 

WSD.  mm  Friction 


iddltlve  in  JP-4 

A- 2 

Load  g  30 

Speed  rpm  60 

120 

60 

240 

240 

120 

60 

240 

240 

None 

0.33 

0.43 

0.62 

.126 

0.142 

50  ppm  ER-4 

0.28 

0.40 

0.66 

.122 

0.141 

50  ppm  ER-5 

0.22 

0.31 

0.52 

.106* 

0.154* 

100  ppm  ER-3 

0.20 

0.32 

0.54 

.099* 

0.140* 

*  Much  smoother  friction  trace. 

ER-4  was  not  a  pro-wear  additive,  but  it  was  not  as  effective  in  reducing  friction 
as  either  ER-5  or  ER-3.  Again  it  indicates  that  ER-4  works  with  steel  by  reaction 
with  the  surface.  With  AI2O2  this  reaction  is  impossible  and  its  effectiveness  is 
much  less.  This  points  up  the  fact  that  good  performance  in  friction  and  wear  is 
not  solely  a  property  of  the  fuel  (lubricity),  but  rather  is  a  joint  property  of 
the  fuel  and  the  surface,  interacting  together. 


To  test  possible  stick-slip  behavior  at  slow  speeds,  still  using  anodized 
aluminum,  ball-on-cylinder  rig  was  modified  by  using  a  reduction  gear  in  the  drive 
mechanism,  and  driving  through  a  loosely-coupled  magnetic  coupling.  The  combination 
of  slow  speed  and  non-rigid  coupling  gave  very  pronounced  stick-slip.  Motion  con¬ 
sisted  of  a  series  of  jerks  1.2  mm  long,  one  every  8  seconi  1  or  so.  Static  friction 
was  about  double  the  dynamic  friction. 

This  test  technique  showed  only  minor  differences  among  fuels  and  addi¬ 
tives,  although  what  differences  were  found  agree  qualitatively  with  the  higher 
speed  'runs.  Fuel  A  was  worse  than  B  or  C.  Fuels  A  and  B  responded  to  ER-4  and 
ER-5,  with  ER-5  being  better. 


le  •pp«ari  that  tha  mall  area  of  contact  may  be  defeating  the  correla¬ 
tion  of  thla  teat  with  fuel-control-valve  performance.  Lapped  in  surfacea  of 
about  1  aq.  cm  will  bo  experimented  with. 

(2)  Ixtanatoa  Study  of  Miacallaneoua  Corrosion  Inhibitora 

Several  other  approved  corrosion  inhibitors  have  also  been  evaluated  as 
lubricity  additives  and  compared  with  those  given  in  Table  XXXIV.  Although 
there  are  some  differences  among  them,  all  appear  to  reduce  friction  and  wear  of  a 
atael-on-ateal  system.  Presumably,  based  on  the  experience  of  ER-4  and  ER-5, 
they  will  also  be  effective  in  other  ayatems  as  well.  The  wear  measurements  from 
the  ball-on-cylinder  testa  are  given  in  Table  XL.  Two  of  the  additives,  LR-A  and 
EK-7,  are  known  to  be  of  similar  chemical  composition  and  apparently  act  by  reaction 
with  the  surfaces  as  evldanced  by  the  increase  in  WSD.  At  15  ppm  these  two  addi¬ 
tives  are  barely  effective,  reducing  friction  only  slightly.  The  other  additives 
reduce  friction  In  proportion  to  their  reduction  of  wear. 

The  results  for  Isooctane  given  in  Table  XL  demonstrate  the  effective¬ 
ness  of  the  additives  more  clearly  since  this  material  is  purer  than  the  JP-4's. 

The  JP-4  fuels  undoubtedly  contain  polar  materials  that  provide  lubricity  and  tend, 
therefore,  to  sMsk  the  effects  of  the  additives.  No  attempts  have  been  made  to 
determine  the  chemical  composition  or  surface  reaction  characteristics  of  these 
additives.  None  of  them  appear  to  give  as  good  a  performance  as  ER-3,  ER-5,  or 
oleic  acid. 

TABLE  XL 


Lubricity  of  Approved  Corrosion  Inhibitors 

Ball  -oii-Cyllnder  Tests,  Steel-on-Steel 
240  rpm,  32  Min  Wear  Scar  Diameter,  Kin. 


Additive 

15  ppm 

in  Ref .JP-4 

15  ppm 

in  Isooctane 

50  ppm  in  JP-4 

mssn 

1000  X 

60  K 

240  K 

60  g 

none 

0.39 

0.41 

0.60 

0.72 

0.29  0.27 

Oleic  Acid 

0.28 

0.30 

0.21 

SR- 3 

0.31 

0.31 

0.27 

0.32 

0.24 

ER-4 

0.45 

0.45 

0.46 

0.28 

ER-5 

0.30 

0.33 

0.28 

0.32 

0.22 

ER-7 

0.46 

0.45 

0.21 

ER-8 

0.35 

0.39 

0.22 

ER-9 

0.32 

0.37 

0.21 

0.22 

SR- 10 

0.31 

0.36 

0.21 

0.22 

ER-11 

0.33 

0.36 

0.20 

(1)  Test  discontinued  at  20  minutes  when  rubbing  wear  gave  way  to  scuffing  wear 
(noted  by  a  sudden  rise  in  friction  and  audible  rubbing  vibration). 


SECTIOH  VI 


sumARY  AMD  cowcmsiows 


A  field  survey  of  engine  end  puap  asnuf sc Cuter s  indicsted  that  there  la  s 
potential  problem  whenever  jet  fuels  are  the  only  source  of  lubrication  in  puiq>s  or 
controls.  Problems  encountered  included  wear,  scuffing,  sticking,  seisure,  and 
fatigue  pitting.  A  literature  survey  confirmed  that  the  problem  existed  but  failed 
to  pinpoint  Che  causes. 

The  seizure  of  some  aircraft  fuel  controls  that  occurred  late  in  1965  after 
corrosion  inhibitors  had  been  left  out  of  Che  fuel  blend  and  the  elimination  of  this 
seizure  problem  by  re introduce ion  of  corrosion  Inhibitors  at  the  15  ppm  concentra¬ 
tion  level,  gave  a  clear  indication  that  the  presence  of  surface-active  agents  at 
this  low  concentration  could  have  a  very  stfrked  influence  on  Che  lubricity  proper¬ 
ties  of  Jet  fuels.  Tests  carried  out  under  this  contract  on  the  ball-on-cylinder 
machine  -hc-cd  thcr.  th'  .  device  was  quite  capable  of  distinguishing  both  between 
those  fuels  that  had  caused  field  seizure  problems  and  those  that  had  not,  and  also 
between  the  poor  lubricity  fuels  and  the  same  fuels  with  15  ppm  corrosion  inhibitors 
added.  Comparative  wear  data  from  the  ball-on-cylinder,  four-ball,  and  Vickers  vane 
pump  tests  for  nhe  ten  commercial  fuels  tested  in  this  program  showed  that  there  was 
general  agreement  between  these  devices  In  the  normal  wear  regime.  Although  it  has 
yet  to  be  demonstrated  that  the  latter  two  tests  can  match  the  sensitivity  of  the 
ball-on-cy Under  device  to  small  differences  in  lubricity,  it  is  clear  that  we  do 
possess  the  test  instruments  necessary  to  evaluate  jet  fuel  lubricity  under  a  number 
of  different  rubbing  wear  conditions. 

In  keeping  with  the  observation  that  traces  of  surface-active  agents  re¬ 
duce  friction  significantly,  the  results  of  this  program  indicated  clearly  that  the 
more  highly  refined  fuels  (lowest  concentration  of  trace  polar  components)  offered 
the  least  protection  against  war,  seizure,  etc. 

All  E.P.  additive  and  corrosion  inhibitors  tested  contributed  some  form  of 
lubricity  aid  to  these  fuels  and  solvents  that  were  demonstrably  lacking  in  lubrici¬ 
ty  properties  of  their  own.  Howevjr,  sooie  differences  in  the  mode  of  action  between 
additives  was  found,  which  may  be  very  important  in  the  choice  of  additive  used  to 
cure  a  given  field  problem.  For  example,  two  additives  were  found  to  reduce  fric¬ 
tion  but  increase  wear  in  the  ball-on-cyllnder  test  when  run  in  JP-4  fuels.  Thus, 
while  these  additives  may  be  suitable  for  eliminating  seizure  problems  under  con¬ 
ditions  of  occasional  motion,  they  could  be  most  unsuitable  for  conditions  of  con¬ 
tinuous  rubbing  weac. 

Five  test  devices  are  available  that  are  potentially  able  to  test  the 
lubricating  properties  of  fuels  under  scuffing  conditions.  These  are  the  four-ball, 
Falex,  and  Ryder  gear  machines.  The  Ryder  gear  machine  was  able  to  detect  the 
effect  of  high  («'0.11)  concentrations  of  B.p.  additives  in  Jet  fuel,  but,  due  to 
the  nature  of  the  test,  was  not  capable  of  detecting  assail  differences  in  lubricity. 
The  Falex  scuff  test  was  able  to  separate  the  ten  cosmiercial  fuels  into  two  broad 
classes.  The  first  group  consisted  of  the  highly  refined  fuels  that  had  already 
shown  poor  antiwear  properties  and  these  also  showed  the  poorest  antiscuff  pro¬ 
tection.  The  second  group  consisted  of  the  less  highly  refined  fuels,  and  these 
showed  the  better  antiscuff  properties  just  as  they  had  shown  the  best  antiwear 
properties. 


It  la  difficult  to  tall  at  thla  atage  of  tha  trork  why  It  was  not  possible 
to  dlffaroattata  tba  tan  fuala  In  a  aora  datallad  asannar.  It  suy  ba  because  the 
^lar  Mtorlala  In  Jat  fual  do  not  provide  antlacuff  protection  or  because  the  test 
dovieoa  ora  too  Inaooaltlva  to  detect  the  differences,  ihia  question  say  be  resolved 
by  taata  under  acuff  condltlona  ualng  the  ball*on>cyllnder  and  four-ball  machines. 

It  doea  aeea  clear,  that  higher  additive  coocentratlona  chan  Che  15  ppm  that  gave 
wear  protection,  trill  he  needed  to  give  acuff  protection  since,  at  this  low  concen¬ 
tration  level,  a  deficiency  of  additive  la  likely  to  develop  at  the  working  siecal 
facea  If  new  natal  la  cootlnuoualy  being  exposed. 


SiCTIOM  VII 


FPiOTg  wont 

Work  over  the  next  jreer  la  expected  to  be  elooK  four  llnea. 

(1)  The  trace  cooqKninda  preaent  in  fuels  will  be  exealned  further  to 
find  tdilch  la  the  aoat  effective  In  laaprovlrg  friction  and  wear  perforaaoce.  Thla 
will  include  both  adding  coo^pounda  to  the  fuel  and  separating  and  identifying  fuel 
coeponenta. 

(2)  The  effect  of  tenperature  on  fuel  performance  and  particularly  on 
I'^ditlve  performance  will  be  elucidated. 

(3)  The  isiportance  cf  dissolved  oxygen  and  %Mter  will  be  determined. 

(A)  Attempts  will  be  aude  to  discover  the  mechanism  by  which  additives 
and  trace  constltuenta  reduce  wear  and  friction. 
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**  OTWer  FBPORr  •aacrTRS)  w  iK*  ropott  kaa  baao 
aaatf  d  onr  atkat  rapcrt  amkar*  ( atthmr  tka  artptnatof 
af  Sr  ikf  tpaaao^l.  ataa  aaiof  tkii  a  Mb  arts). 

la  AVAILAaO-TY/LMr^AT,_'k  liCynCE*  CsarraarlM- 


kapoaad  by  sactarity  clsasificatioB,  usina  standard  sutaaaants 
aack  aK 


•  oa  fvbar  dtaa 


“QiuUflad  raqtaastars 
rapoft  kroB  DDO” 


ly  okfain  copies  of  this 


‘^Foreign  sanouncataaot  snd  .-btsstaiaatton  of  thiis 
report  by  DDC  is  not  sathort  rrd.  '* 

“U  S.  Coretnawig  agancias  aaay  obtain  copies  of 
this  report  directly  (mr  DOC.  Otha.  qaalUlad  DDC 
users  ahal)  rat|uast  Ihnugh 


(4)  "U.  S.  aslilary  agencia  (  may  obfsin  copies  of  tkis 

report  directly  facm  DO^  OtSar  piaiiflod  users 
shall  raqtieal  through 


tS)  "All  distribution  of  th<s  report  is  coatroUeA 
iftad  DOC  users  shall  rarest  through 

If  the  rapoit  hat  bean  furnisked  to  the  OfRce  of  Trchmcsl 
Sarrlcav,  Oapsrtpaat  of  Coisaiirce.  for  sal#  to  tka  pub’ic,  tiu> 
cite  this  fact  and  eater  tke  pnce,  if  knom 

IL  SUPPLEHtJfTART  NOTFS;  Use  tor  addmor«l  explana¬ 
tory  netea 

11  SPONSOKII4G  WlrTARY  ACnVTTY:  E«»t  ibe  osa»  of 
the  daparfanti.  pfcj*ci  offic*  or  l«6crat?'^'»’T 
tng  for)  {im  VT-Msrch  acwi  AovoiopoMaL  'nclud# 

13  ABSTHACT-  Eater  ««  fe'Mtrvct  ^’-’''•"1  • 

c(  o<  %c\e  r»pOf1. 

tl  fr*7  also  «ppo«r  m  tfc#  body  o/  ‘Sr  trcfesico’  r* 

port  1/  m6diUo^\  t»  r^^irrd,  a  co(tiiiTu*v:-js.  ahsi* 

b»  attoclkrd 

i!  la  hi^ly  ^fe4^  abatract 

bm  tASSclasailted.  Sacb  aa>^rraah  abii{r«rl  sJnaU  e«d  «ith 


{j  la  hi^Iy  {h*i  cKe  abatract  vkf  c?a*a}f>^d 

bm  tASSclasaiited.  Sacb  pa'^graph  abii{r*c<  »ftaU  ead  with 

3»4>caUOQ  *'*f  •wLlia.'y  acc.inty  r  la.aaifj-:  of  ?ba  jfi- 

t'oamatioR  ia  ih^  ^'^•rafraph.  ?»pirr a<«t?rd  ac  -TJr  ;$  r»  i,r  C') 

Tba  ra  la  a^  l’.si*aiiOfi  .?i*  I 

♦  ih*  ja  frosa  ISC  fo  225  >  ?-rd* 

Id  E£T  #\^RDS  E^y  a?a  -y\  janat 

or  ab*-r;  aAratat  .ba;  cKarac»m#a  a  rapor*.  way  uaa4  aa 
■wtr?at  Eey  »a*5  ba 

•♦Vrfad  a«  iht!  oo  tacyrity  i  laaaif’  a;'  Idrau- 

flara.  a<  a^;tipaia«t  daai^uitioii.  «k3iitary 

prcjact  c-vt*-  «a»a  prr.^r%p4ic  iccation,  fa«y  om  at 

b#  ?olic»a^  by  afc  c-^- 

*•*'  T^?  ataifc-siae.  of  hjsAa.  rviaa.  ai^  arai^lbta  it  op<ic»ra^. 


»/  rbo  foport,  odter  tb#o  ihoaaj 


|»mvyiiii 


tu 


SpCBnfy  Clrs*:  ficatsos 


